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Metrology 1

METROLOGY

Metrology is defined as the science of measurement. For the past several years, the ITRS has provided an industry
consensus look into the extension of CMOS and the nano-scale technology beyond CMOS. For the purposes of the ITRS,
we define metrology as the measurements made to research, develop, and manufacture integrated circuits and the
technology. In this document, we also cover the measurement technology required for both Emerging Research Materials
and Emerging Research Devices. Metrology was the first semiconductor technology area to work routinely in the area of
nanoelectronics. This is because a variation in features size one tenth of the nominal dimension often results in significant
changes in device properties. With this in mind, one can see that thin film and interfacial layer thickness as well as line
width variations control has already moved to near atomic sized requirements. As the industry moves further into the
world of nanoelectronics, metrology, including materials characterization, will take on greater challenges and become
even more critical.

Gaps in measurement technology can be found in both CMOS extension and beyond CMOS. One gap is the ability to
measure properties of materials such as thickness on the sidewalls of densely patterned features such as gates, FINS, and
trenches. Another gap is meeting the fundamental challenge for materials characterization of imaging and measurement
of materials properties at atomic dimensions. Here, the most often mentioned goal is to provide 3D, atomic resolution
measurements. The fact that some materials properties are not localized to atomic dimensions is noteworthy. The
fundamental challenge for factory metrology will be the measurement and control of atomic dimensions while
maintaining profitable high volume manufacturing.

Metrology continues to enable research, development, and manufacture of integrated circuits. The pace of feature size
reduction and the introduction of new materials and structures challenge existing measurement capability. In some
instances, existing methods can be extended for several technology generations. In other cases, necessary measurements
may be done with inadequate equipment. The uncertain nature of device design adds to the challenge. Long-term research
into nano-devices may provide both new measurement methods and potential test vehicles for metrology. In situ methods
continue to move into manufacturing. All metrology is connected to factory-wide automation that include database and
intelligent information from data capability. Off-line materials characterization is also evolving toward compatibility with
factory-wide automation. Examples of this include advanced microscopy and other probing techniques which are quickly
becoming commercially available even as the fundamental understanding of their use and interpretation remains a part of
basic research. Successful implementation of new materials characterization methods relies on development of rapid
sample preparation for materials characterization. Although thorough materials characterization is a critical part of
materials and process development, predicting the necessary metrology for manufacturing remains an elusive goal. Issues
resolved by process improvements leave open the question of what to measure during device manufacturing to ensure
reliability.

As discussed in the 2005 ITRS, control of a number of transistor properties such as enhanced mobility through either
substrates with stressed surface layers or process induced stressed channels remain difficult challenges. Measurement of
stress in strained silicon surface layers is possible. Direct measurement of stress in a nano-sized, buried area such as the
stressed channel is not presently possible. Often, one must measure a film or structure property at the surface and use
modeling to determine the resultant property of a buried layer. The expected trend is the combined use of modeling with
measurement of features at the wafer surface.

The Metrology roadmap has repeated the call for a proactive research, development, and supplier base for many years.
The relationship between metrology and process technology development needs fundamental restructuring. In the past the
challenge has been to develop metrology ahead of target process technology. Today we face major uncertainty from
unresolved choices of fundamentally new materials and radically different device designs. Understanding the interaction
between metrology data & information and optimum feed back, feed forward, and real-time process control are key to
restructuring the relationship between metrology and process technology.

A new section has been added to the Metrology Roadmap that covers metrology needs for emerging technology
paradigms such as spintronics and molecular electronics. The wide variety of materials and devices described in the
Emerging Research Materials and Emerging Research Devices sections provides a challenge to both resources and
measurement technology. For example, imaging and measuring soft materials found in molecular electronics is
considerably different from the materials used for nanowires, nanotubes, and spintronics. The impact of quantum
confinement and quantum size effects as well as surface states alters the optical and electrical properties of materials. A
diverse set of measurement needs is described here and in the Emerging Research Materials and Emerging Research
Devices sections.
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2 Metrology

Research and development of new as well as evolutionary metrology technology must keep pace with the three-year
schedule for introduction of new technology generations which are now referred to by the appropriate half pitch. The
roadmap for feature size reduction drives the timeline for metrology solutions for new materials, process, and structures.
New substrate materials such as silicon on insulator and strained silicon channels add to the complexity of measurements.
Metrology development must be done in the context of these issues. Metrology enables tool improvement, ramping in
pilot lines and factory start-ups, and improvement of yield in mature factories. Metrology can reduce the cost of
manufacturing and the time-to-market for new products through better characterization of process tools and processes.
The increasing diversity of chip types will spread already limited metrology resources over a wider range of challenges.
The metrology community including suppliers, chip manufacturers, consortia, and research institutions must provide
cooperative research, development, and prototyping in order to meet the ITRS timeline. The forefront developments in
measurement technology must be commercialized in a timely manner. The feature sizes and materials a decade away in
the 2003 Roadmap already greatly challenge the measurements used in process and materials development.

The near-term challenges for metrology revolve around the need for controlling scaling as well as new materials,
processes, and structures used for nanoelectronic transistors and interconnect. The lack of certainty in the 22 nm
technology generation has a significant impact on metrology development. FINFETs and other new structures require
measurement of films on sidewalls and other highly challenging configurations. The large number of candidate materials
being considered for each generation require characterization in evaluation and control in development and process.
Moreover, it is entirely possible that different materials will be used by different manufacturers at a given technology
generation, potentially requiring different metrologies. In the near term, advances in electrical and physical metrology for
high- and low-k dielectric films must continue. The requirement for technology for measurement of devices on ultra-thin
and possibly strained silicon on insulator comes from the best available information that is discussed in the Front End
Processes Roadmap. The increasing emphasis on active area measurements instead of test structures in scribe (kerf) lines
places new demands on metrology. Long-term needs at the sub-22 nm technology generation are difficult to address due
to the lack of clarity of device design and interconnect technology. The selection of a replacement for copper interconnect
remains a research challenge. Although materials characterization and some existing inline metrology apply to new
device and interconnect structures, development of manufacturing capable metrology requires a more certain knowledge
of materials, devices, and interconnect structures.

All areas of measurement technology (especially those covered in the Yield Enhancement chapter) are being combined
with computer integrated manufacturing (CIM) and data management systems for information-based process control.
Although integrated metrology still needs a universal definition, it has become the term associated with the slow
migration from offline to inline and in situ measurements. The proper combination of offline, inline, and in situ
measurements will enable advanced process control and rapid yield learning.

Metrology tool development requires access to new materials and structures if it is to be successful. It requires the
availability of state-of-the-art capabilities to be made available for fabrication of necessary standards and development of
metrology methodologies in advance of production. This requires a greater attention to expanding close ties between
metrology development and process development. When the metrology is well matched to the process tools and
processes, ramping times for pilot lines and factories are reduced. An appropriate combination of well-engineered tools
and appropriate metrology is necessary to maximize productivity while maintaining acceptable cost of ownership.

ScoPE

The metrology topics covered in the 2007 Metrology roadmap are microscopy; critical dimension (CD) and overlay; film
thickness and profile; materials and contamination analysis; dopant profile; in situ sensors and cluster stations for process
control; reference materials; correlation of physical and electrical measurements; and packaging. These topics are
reported in the following sections in this chapter: Microscopy; Lithography Metrology; Front End Processes Metrology;
Measurements for Processes Facing Statistical Limits and Physical Structures Reaching Atomic Dimensions; Interconnect
Metrology; Materials and Contamination Characterization; Integrated Metrology; Reference Measurement Systems,
Reference Materials; and Characterization and Metrology for Emerging Devices.

International cooperation in the development of new metrology technology and standards will be required. Both
metrology and process research and development organizations must work together with the industry including both the
supplier and IC manufacturer. Earlier cooperation between IC manufacturers and metrology suppliers will provide
technology roadmaps that maximize the effectiveness of measurement equipment. Metrology, process, and standards
research institutes, standards organizations, metrology tool suppliers, and the university community should continue to
cooperate on standardization and improvement of methods and on production of reference materials. Despite the
existence of standardized definitions and procedures for metrics, individualized implementation of metrics such as
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Metrology 3

measurement precision to tolerance (P/T) ratio is typical." The P/T ratio for evaluation of automated measurement
capability for use in statistical process control relates the measurement variation (precision) of the metrology cluster to the
product specification limits. Determination of measurement tool variations is sometimes carried out using reference
materials that are not representative of the product or process of interest. Thus, the measurement tool precision
information may not reflect measurement-tool induced variations on product wafers. It is also possible that the sensitivity
of the instrument could be insufficient to detect small but unacceptable process variations. There is a need for metrics that
accurately describe the resolution capability of metrology tools for use in statistical process control. The inverse of the
measurement precision-to-process variability is sometimes called the signal-to-noise ratio or the discrimination ratio.
However, because the type of resolution depends on the process (such as thickness and width require spatial resolution
while levels of metallics on the surface require resolution of atomic percent differences), topic-specific metrics may be
required. A new need is for a standardized approach to determination of precision when the metrology tool provides
discrete instead of continuous data. This situation occurs, for example, when significant differences are smaller than the
instrument resolution.

The principles of integrated metrology can be applied to stand-alone and sensor-based metrology itself. Factors that
impact tool calibration and measurement precision such as small changes in ambient temperature and humidity could be
monitored and used to improve metrology tool performance and thus improve statistical process control.

Wafer manufacturers, process tool suppliers, pilot lines, and factory start-ups all have different timing and measurement
requirements. The need for a shorter ramp-up time for pilot lines means that characterization of tools and processes prior
to pilot line startup must improve. However, as the process matures, the need for metrology should decrease. As device
dimensions shrink, the challenge for physical metrology will be to keep pace with inline electrical testing that provides
critical electrical performance data.

INFRASTRUCTURE NEEDS

A healthy industry infrastructure is required if suppliers are to provide cost-effective metrology tools, sensors, controllers,
and reference materials. New research and development will be required if opportunities such as MEMS-based metrology
and nano-technology are to make the transition from R&D to commercialized products. Many metrology suppliers are
small companies that find the cost of providing new tools for leading-edge activities prohibitive. Initial sales of metrology
tools are to tool and process developers. Sustained, high-volume sales of the same metrology equipment to chip
manufacturers do not occur until several years later. The present infrastructure cannot support this delayed return on
investment. Funding that meets the investment requirements of the supplier community is needed to take new technology
from proof of concept to prototype systems and finally to volume sales.

CRITICAL METROLOGY CONSIDERATIONS

PRECISION AND UNCERTAINTY

When comparing measurements with numbers in the roadmap, there are several important considerations to keep in mind.
The validity of the comparison is strongly dependent upon how well those comparisons are made. The conventional
interpretation of the ITRS precision' has been to be purely the single tool 3¢ reproducibility. After closer examination
however” * it seems that the term “precision” is probably best thought of in broader terms as “uncertainty,” i.e. the error in
measurement, colloquially known as the “error bar.” As follows from Figure MET1, measurement error is a complex
function of time (reproducibility), tool (tool-to-tool matching) and sample (sample-to-sample bias variation). The
measurement uncertainty is thus defined by total bias variation with measurement-to-measurement, tool-to-tool, and
sample-to-sample components. These components may be of varying importance depending on the instrument and the
application. More rigorous definitions and explorations of these components are available elsewhere.

Since bias is sample dependent accuracy cannot be properly evaluated using reference materials that are not
representative of the product or process of interest. For further details please refer to the following sections “Reference
Materials” and “Reference Measurement System.”

! For example, refer to SEMI E89-0999 “Guide For Measurement System Capability Analysis.”
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Special attention should paid to insure that optimized sampling plans are used to align test and the reference data (see “Sampling
Error” section below).

Figure METI Relations of Time, Tool, and Sample Dependent Components of Uncertainty and Bias

SAMPLING REQUIREMENTS

In terms of manufacturing and some lithographic applications, there is also the phenomenon of error due to inadequate
sampling. As a prime example, consider that advanced process control (APC) feedback loops require that the input data
be a statistically valid representation of the process mean. Measurement of individual features may not be enough to
estimate the average value to good certainty. To the contrary, for some applications, not only is the process mean of great
importance, but knowledge of process variance is also necessary. Errors from these effects is “sampling error.” >

In terms of variability, no sample is truly perfect in the nanoscopic realm. Integrated circuits contain many features of a
certain nominal, intended size at the critical design rule, but in reality there will always be slight yet real variation. A
CD-SEM measuring individual features, or a scatterometer measuring a periodic array (grating) of these features, may
exhibit the same numeric precision or uncertainty for measuring their respective measurands, but due to the sample
variation, CD-SEM measurements will vary much more than scatterometer measurements, as CD-SEMs are much more
sensitive to roughness than are scatterometers. Neither tool is more “incorrect” than the other for what they measure; the
difference between the tools is with sampling, sometimes referred to as a difference in “extent of measurement,” as the
CD-SEM is an imaging tool that measures the distance between two edges of a line segment, while the scatterometer
measures average CD from a model solution of the aggregate of the scattering of light from a grating over a large
illuminated spot. Simply put, the tools have different probe sizes, and thus measure different things, which is not
quantified by precision only. Another way of thinking of these sampling differences is that there is an entire continuum of
CD variation on a sample as a function of periodicity, i.e., a function of variance of the measurand with respect to
roughness period (as with a Fourier power spectrum). Different metrology tools are sensitive to different periodicity
windows in this spectrum, and the observed variation in the measurements is related to the integral of the power spectrum
in each tool’s window of sensitivity. A scatterometer is more sensitive on very large periodicities with good estimation of
average CD and little sensitivity to small periodicities, and a CD-SEM is more sensitive to smaller periodicities and
localized variation. Note however, that with a larger sampling plan, a CD-SEM, averaging over a larger data set, can
mimic the region of the scatterometer. Multiple Feature Measurement (MFM) applications are now available on CD-
SEMs, allowing larger images to be analyzed and multiple CDs reported, improving confidence in the process mean while
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retaining sensitivity to real process variation and gaining sensitivity to larger roughness periodicities and linewidth
.. 4
variation.

When executing APC schemes, different techniques can yield different results due to differences in error in estimation of
process mean. If sampling is not adequate, more variation is seen in the measurements (i.e., more “sampling noise”) and
APC may be less successful. How to quantify the success of a tool with a given sampling scheme will be a topic of further
future exploration. The answer will be highly dependent on the application in question. It will be very important to
understand the needs of the application, such as the measurement objective (correlation/calibration, SPC, process
assessment), how much variation is expected, and how important is knowledge of the variation and/or average value of
the process. Further discussions of these considerations can be found elsewhere.

DIFFICULT CHALLENGES

Many short-term metrology challenges listed below will continue beyond the 22 nm technology generation. Metrology
needs after 2013 will be affected by unknown new materials and processes. Thus, it is difficult to identify all future
metrology needs. Shrinking feature sizes, tighter control of device electrical parameters, such as threshold voltage and
leakage current, and new interconnect technology such as 3D interconnect will provide the main challenges for physical
metrology methods. To achieve desired device scaling, metrology tools must be capable of measurement of properties on

atomic distances. Table MET1 presents the ten major challenges for metrology.

Table MET]

Metrology Difficult Challenges

Difficult Challenges > 22 nm

Summary of Issues

Factory level and company wide metrology integration for real-time
in situ, integrated, and inline metrology tools; continued development
of robust sensors and process controllers; and data management that
allows integration of add-on sensors.

Standards for process controllers and data management must be agreed upon.
Conversion of massive quantities of raw data to information useful for enhancing
the yield of a semiconductor manufacturing process. Better sensors must be
developed for trench etch end point, and ion species/energy/dosage (current).

Starting materials metrology and manufacturing metrology are
impacted by the introduction of new substrates such as SOI. Impurity
detection (especially particles) at levels of interest for starting materials
and reduced edge exclusion for metrology tools. CD, film thickness,
and defect detection are impacted by thin SOI optical properties and
charging by electron and ion beams.

Existing capabilities will not meet Roadmap specifications. Very small particles must
be detected and properly sized. Capability for SOI wafers needs enhancement.
Challenges come from the extra optical reflection in SOI and the surface quality.

Control of new process technology such as Dual Patterning
Lithography, complicated 3D structures such as capacitors and contacts
for memory, and 3D Interconnect are not ready for their rapid
introduction.

Overlay measurements for Dual Patterning have tighter control requirements. Overlay
defines CD. 3D Interconnect comprises a number of different approaches. New
process control needs are not yet established. For example, 3D (CD and depth)
measurements will be required for trench structures including capacitors, devices,
and contacts.

Measurement of complex material stacks and interfacial properties
including physical and electrical properties.

Reference materials and standard measurement methodology for new high-x gate and
capacitor dielectrics with engineered thin films and interface layers as well as
interconnect barrier and low-« dielectric layers, and other process needs. Optical
measurement of gate and capacitor dielectric averages over too large an area and
needs to characterize interfacial layers. Carrier mobility characterization will be
needed for stacks with strained silicon and SOI substrates, or for measurement of
barrier layers. Metal gate work function characterization is another pressing need.

Measurement test structures and reference materials.

The area available for test structures is being reduced especially in the scribe lines.
Measurements on test structures located in scribe lines may not correlate with in-
die performance. Overlay and other test structures are sensitive to process variation,
and test structure design must be improved to ensure correlation between
measurements in the scribe line and on chip properties. Standards institutions need
rapid access to state of the art development and manufacturing capability to
fabricate relevant reference materials.
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6 Metrology

Table MET1

Metrology Difficult Challenges

Difficult Challenges < 22 nm

Nondestructive, production worthy wafer and mask-level microscopy
for critical dimension measurement for 3D structures, overlay, defect
detection, and analysis

Surface charging and contamination interfere with electron beam imaging. CD
measurements must account for sidewall shape. CD for damascene process may
require measurement of trench structures. Process control such as focus exposure
and etch bias will require greater precision and 3D capability.

New strategy for in-die metrology must reflect across chip and across
wafer variation.

Correlation of test structure variations with in-die properties is becoming more
difficult as device shrinks. Sampling plan optimization is key to solve these issues.

Statistical limits of sub-32 nm process control

Controlling processes where the natural stochastic variation limits metrology will be
difficult. Examples are low-dose implant, thin-gate dielectrics, and edge roughness
of very small structures.

Structural and elemental analysis at device dimensions and
measurements for beyond CMOS.

Materials characterization and metrology methods are needed for control of interfacial
layers, dopant positions, defects, and atomic concentrations relative to device
dimensions. One example is 3D dopant profiling. Measurements for self-
assembling processes are also required.

Determination of manufacturing metrology when device and
interconnect technology remain undefined.

The replacement devices for the transistor and structure and materials replacement for
copper interconnect are being researched.

* SPC—statistical process control parameters are needed to replace inspection, reduce process variation, control defects, and reduce waste.

Table MET2a  Metrology Technology Requirements—Near-term Years

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015 Driver
DRAM %: Pitch (nm) (contacted) 65 57 50 45 40 36 32 28 25

%Z y(giiacﬁz)ml 1(M1) 72 Pitch 68 59 52 45 40 36 32 28 25

MPU Physical Gate Length (nm) 25 22 20 18 16 14 13 11 10

Microscopy

Inline, nondestructive microscopy
process resolution (nm) for P/T=0.1

Microscopy capable of
measurement of patterned wafers
having maximum aspect
ratio/diameter (nm) (DRAM
contacts) [A]

Materials and Contamination
Characterization

Real particle detection limit (nm)

[B] 25 22 20

MPU

Minimum particle size for
compositional analysis (dense lines 22 19 17
on patterned wafers) (nm)

15 13 12 1" 9 8 D172

Specification limit of total surface

contamination for critical GOI 5.00E+09 | 5.00E+09 | 5.00E+09

surface materials (atoms/cm?) [C]

MPU

5.00E+09 | 5.00E+09 | 5.00E+09 | 5.00E+09 | 5.00E+09 | 5.00E+09 Gate

Surface detection limits for
individual elements for critical GOI

elements (atoms/cm?) with signal- 5.00E+08 | 5.00E+08 | 5.00E+08

to-noise ratio of 3:1 for each
element

MPU

5.00E+08 | 5.00E+08 | 5.00E+08 | 5.00E+08 | 5.00E+08 | 5.00E+08 Gate

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known ‘

Manufacturable solutions are NOT known _
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Table MET2b ~ Metrology Technology Requirements—Long-term Years

Year of Production 2016 2017 2018 2019 2020 2021 | 2022 | Driver
DRAM ¥ Pitch (nm) (contacted) 22 20 18 16 14 13 11
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm)(contacted) 22 20 18 16 14 13 11

MPU Physical Gate Length (nm) 9 8 7 6 5.6 5 4.5
Microscopy

Inline, nondestructive microscopy process resolution
(nm) for P/T=0.1

0.08 0.07 0.06 0.06 0.05

Microscopy capable of measurement of patterned >20 >20 >20 >20 >20
wafers having maximum aspect ratio/diameter (nm)
(DRAM contacts) [A] 23 20 18 16 14

9 8 7 6 6

Real particle detection limit (nm) [B]

Minimum particle size for compositional analysis

(dense lines on patterned wafers) (nm) 7 6 6 5 5 D12
Specification limit of total surface contamination for MPU
critical GOI surface materials (atoms/cm?) [C] 5.00E+09 | 5.00E+09 | 5.00E+09 | 5.00E+09 | 5.00E+09 Gate
Surface detection limits for individual elements for MPU
critical GOI elements (atoms/cm?) with signal-to- 5.00E+08 | 5.00E+08 | 5.00E+08 | 5.00E+08 | 5.00E+08 G
noise ratio of 3:1 for each element ate

Notes for Tables MET2a and b:

[A] Metal and via aspect ratios are additive for dual-Damascene process flow.

[B] This value depends on surface microroughness and layer composition.

[C] The requirements for metal contamination have been changed based on less stringent requirements found in Front End Processes chapter Surface
Preparation Technology Requirements table, Note F.

MEASUREMENTS FOR PROCESSES FACING STATISTICAL LIMITS AND PHYSICAL
STRUCTURES REACHING ATOMIC DIMENSIONS

As the dimensions of integrated circuit devices continue to shrink, the finite dimensions of the atoms within the structures
are leading to statistical variations in critical dimensions and thus device properties. Furthermore, the physical properties
are deviating from bulk properties because of quantum mechanical and mean free path effects. For instance, the lattice
spacing of silicon atoms in a 32 nm gate represents about 1% of the gate length. The effects of statistical variations may
be even more pronounced in gate dielectric structures composed of multi-layers of different components, each only
several atoms thick. The engineering of such structures must take these statistical variations of dopant atoms and intrinsic
defects and the quantum mechanical effects of confined structures into account to obtain sufficiently uniform device and
circuit performance for large-scale integration. The issue of line width roughness and its effect on electrical CD is
compounded with dopant atom statistical variation. Refer to the ERM chapter for detail.

Advances in interconnect technology are using conductor materials such as copper that must be excluded from the
semiconductor and the low-k interconnect structures. Process and process modeling advances are required to deposit
barrier layers only several atoms thick that are pin hole free. Metrology must be developed to ensure the integrity of these
barrier layers.

Several issues challenge measurement of transistor structures. Metrology of gate dielectric structures requires a
standardized model of the quantum mechanical effects at the silicon—dielectric interface and gate electrode—dielectric
interface. Stochastic modeling strategies are required to supplement deterministic modeling techniques. Mechanical stress
is now used to improve transport properties of transistors; metrology and modeling need to be developed to optimize and
control these effects. Statistical variations in real materials and structures are independent of measurement uncertainties,
and add quadratically to the total uncertainty of the values of measured quantities. In addition, they must be taken into
account in circuit and process design in ways that are not yet envisioned. It appears that the measurement of a number of
parameters specified for future device generations elsewhere in this document cannot be met for fundamental reasons
having little to do with metrology per se.
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MicROSCOPY

Microscopy is used in most of the core technology processes where two-dimensional distributions, that is digital images
of the shape and appearance of integrated circuit (IC) features, reveal important information. Usually, imaging is the first,
but many times the only step in the “being able to see it, measure it, and control it” chain. Microscopes typically employ
light, electron beam, or scanned probe methods. Beyond imaging, online microscopy applications include critical
dimension (CD) and overlay measurements along with detection, review, and automatic classification of defects and
particles. Because of the high value and quantity of wafers, the need for rapid, non-destructive, inline imaging and
measurement is growing. Due to the changing aspect ratios of IC features, besides the traditional lateral feature size (for
example, linewidth measurement) full three-dimensional shape measurements are gaining importance and should be
available inline. Development of new metrology methods that use and take the full advantage of advanced digital image
processing and analysis techniques, telepresence, and networked measurement tools will be needed to meet the
requirements of near future IC technologies. Microscopy techniques and measurements based on them must serve the
technologists better giving fast, detailed, adequate information on the processes in ways that help to establish process
control in a more automated manner.

For all types of microscopy and for the metrology based on them it is becoming increasingly important to develop and
provide reliable and easy-to-use methods that monitor the performance of the instruments. Due to the small sizes of the
integrated circuit structures these instruments must work at their peak performance, which is not easy to attain and
sustain. Currently only rudimentary methods are available to ensure adequate performance. Beyond imaging and
measurement resolution, a host of other, tool-dependent parameters also need to be regularly monitored and optimized.
These key parameters have significant influence on the results, and it is indispensable to include their contribution in the
uncertainty statements of the measurements.

Electron Microscopy—There are many different microscopy methods that use electron beams as sources of illumination.
These include scanning electron microscopy, transmission electron microscopy, scanning transmission electron
microscopy, electron holography, and low-energy electron microscopy. Scanning electron microscopy and electron
holography are discussed below, and transmission electron microscopy, scanning transmission electron microscopy, and
low-energy electron microscopy are discussed in the section on Materials and Contamination Characterization.

Scanning Electron Microscopy (SEM)—continues to provide at-line and inline imaging for characterization of cross-
sectional samples, particle and defect analysis, inline defect imaging (defect review), and CD measurements.
Improvements are needed for effective CD and defect review (and SEM detection in pilot lines) at or beyond the 45 nm
generation. New inline SEM technology, such as the use of ultra-low-energy electron beams (< 250 eV) and high energy
SEM (10keV-200keV) may be required for overcoming image degradation due to charging, contamination, and radiation
damage of the sample surface, while maintaining adequate resolution. Improving the resolution of the SEM by the
reduction of spherical aberration leads to an unacceptably small depth of field and SEM imaging with several focus steps
and/or use of algorithms that take the beam shape into account might be needed. Aberration correction lens technology
has migrated from transmission electron microscopy to SEM providing a significant increase in capability. Other non-
traditional SEM imaging techniques such as the implementation of nano-tips, and electron holography need to be
developed, if they can prove to be production-worthy methodologies. A new alternative path could be high-pressure or
environmental microscopy, which opens the possibility for higher accelerating voltage high-resolution imaging and
metrology. Binary and phase-shifting chromium-on-quartz optical photomasks have been successfully investigated with
this mode of high-resolution scanning electron microscopy. It has been found that the gaseous sample environment
minimizes sample charging and contamination. This methodology also holds good potentials for the inspection, imaging,
and metrology of wafers.

To be able to make statistically sound SEM measurements it is essential to collect the right kind and amount of
information. The collection of excess information leads to loss of throughput, and by the contrary, collection of not
enough or of the wrong type of information leads to loss of process control. It is important to develop metrology methods
that reveal and express the needed information with the indication of the validity of the measurements. Larger usable
image field-of-view at image resolution-level pixel density allows for much greater utilization of multiple feature
measurement (MFM) applications for increased information per unit time, and thus improved validity of measurement
results, through increased sampling without throughput penalty.* Data analysis methods that adhere to the physics of the
measurement and do use all information collected were demonstrated to be better than arbitrary methods.’ Measured and
modeled image and fast and accurate comparative techniques are likely to gain importance in SEM dimensional
metrology. A better understanding of the relationship between the physical object and the waveform analyzed by the
instrument is expected to improve CD measurement. Sample damage, which arises from direct ionization damage of the
sample and deposition of charge in gate structures, may set fundamental limits to the utility of all microscopies relying on
charged particle beams.
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Determination of the real 3D shape for sub-90 nm contacts/vias, transistor gates, interconnect lines, or damascene
trenches will require continuing advances in existing microscopy and sample preparation methods. Cross-sectioning by
FIB and lift-out for imaging in a TEM or a STEM has been successfully demonstrated.

For CD-SEMs, Design-Based Metrology (DBM) applications, which include automatic recipe setup from design
information, allow for practical use of SEMs for large-scale verification of design intent, through the collection of feature
2D contour shape information and comparison to GDS files. DBM applications are becoming very important for
development and verification of lithographic optical proximity corrections (OPC), as the number of measurements for
successfully developing OPC is expected to grow exponentially with technology generation. This is a major role where
metrology interfaces with the Design for Manufacturing (DFM) community.® Also, collecting and applying CD
information from reticle measurements for comparison to wafer CD measurements is an important application in some
cases.

He Ion Microscopy—has been proposed as a means of overcoming the issues associated with the spread in effect probe
size associated with the interaction of finely focused electron beams and the sample. Potential applications of this
technology include CD, defect review, and nanotechnology.

Scanning Probe Microscopy (SPM)—may be used to calibrate CD-SEM measurements. Stylus microscopes, such as the
atomic force microscope (AFM), offer 3D measurements that are insensitive to the material scanned. Flexing of the stylus
degrades measurements, when the probe is too slender. The stylus shape and aspect ratio must, therefore, be appropriate
for the probe material used and the forces encountered. High stiffness probe materials, such as short carbon nano-tubes,
may alleviate this problem.

Far-field Optical Microscopy—is limited by the wavelength of light. Deep ultra-violet sources and near-field microscopy
are being developed to overcome these limitations. Improved software allowing automatic classification of defects is
needed. Optical microscopes will continue to have application in the inspection of large features, such as solder bump
arrays for multi-chip modules.

For defect detection—each technology has limitations. A defect is defined as any physical, electrical, or parametric
deviation capable of affecting yield. Existing SEMs and SPMs are considered too slow for the efficient detection of
defects too small for optical microscopes. High-speed scanning has been demonstrated with arrayed SPMs, (that might be
faster than SEMs) but issues associated with stylus lifetime, uniformity, characterization, and wear need to be addressed.
This technology should be pursued both by expanding the size of the array and in developing additional operational
modes. Arrayed micro-column SEMs have been proposed as a method of improving SEM throughput and operation of a
single micro-SEM has been demonstrated. Research is needed into the limits of electrostatic and magnetic lens designs.

LITHOGRAPHY METROLOGY

Lithography metrology continues to be challenged by rapid advancement of patterning technology. New materials in all
process areas add to the challenges faced by Lithography Metrology. A proper control of the variation in transistor gate
length starts with mask metrology. Although the overall features on a mask are four times larger than as printed, phase
shift and optical proximity correction features are roughly half the size of the printed structures. Indeed, larger values for
mask error factor (MEF) might require a tighter process control at mask level, too; hence, a more accurate and precise
metrology has to be developed. Mask metrology includes measurements that determine that the phase of the light
correctly prints. Both on-wafer measurement of critical dimension and overlay are also becoming more challenging. CD
control for transistor gate length continues to be a critical part of manufacturing ICs with increasing clock speeds. The
metrology needs for process control and dispositioning of product continue to drive improvements in precision, relative
accuracy and matching. Acceleration of research and development activities for CD and overlay are essential if we are to
provide viable metrology for future technology generations. All of these issues require improved methods for evaluation
of measurement capability.

On-product monitors of effective dose and focus extend utility of conventional microscopy-based CD metrology systems
in process control applications. The same system can output CD and overlay measurements, as well as lithography
process monitors. Process control capability and efficiency of such metrology are improving. The infrastructure to support
such new applications is generally available. Monitors of effective dose and focus for lithography process control have
also been developed for conventional optical metrology systems, such as used in overlay metrology. Similar capabilities,
in addition to CD, sidewall, and height metrology, are now emerging in scatterometry. In all cases, rather than measure
CD for the purpose of process control, with every feature’s CD being a complex function of both dose and focus, these
systems output measurements of process parameters themselves, with metrology errors as low as 1% (3 o) for dose and
~10 nm (3 o) for focus. Today’s process monitor performance levels boast P/T = 0.1 for lithography process window with
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15% for dose and 200 nm for focus, enabling further reduction of k; in high volume manufacturing and extending the
utility of optical microlithography. While the demands on metrology systems’ stability and matching are likely to
increase’, work in this area has already initiated the development of tighter control and matching, being a pre-requisite of
accurate CD metrology”, not just of process control applications and dedicated process monitors.

Capable and efficient direct process monitor-based lithography process control has the potential to overcome technology
limitations of conventional CD metrology. The ongoing change of lithography process control methodology can be
accelerated by industry collaboration to define the expectations in direct process control, with tests of performance and
standards for both new metrology applications and applications environment. This change will, likely, result in the
lithography metrology where capable and efficient means of process control are supplemented by, and are differentiated
from, superior critical dimension metrology proper. New levels of absolute accuracy are required to meet measurement
requirements for next generation technology especially in the areas of CD metrology for calibration and verification of
compliance for advanced mask designs (for example, 1-D and 2-D/3-D CD metrology through pitch and layouts, in
presence of OPC and RET, various printing conditions).

There is no single metrology method or technique that can deliver all needed information. Therefore, in order to be able to
compare the results of various dimensional metrology tools and methods meaningfully, parameters beyond repeatability
and precision need to be addressed. Each measurement application requires consideration of the need for relative accuracy
(sensitivity to CD variation and insensitivity to secondary characteristic variation), absolute accuracy (traceability to
absolute length scale), LER and sampling, and the destructive nature of the measurement.

It would be ideal to have all metrology tools properly characterized for measurement uncertainty including a breakout of
the leading contributors to this uncertainty. It is recommended to use internationally accepted methods to state
measurement uncertainty. This knowledge would help to make the most of all metrology tools, and it would prevent
situations in which the measured results do not provide the required information. Finally, once the largest contributors to
measurement errors are known, a faster development of better instruments could take place. It is now recommended to
state the measurement uncertainty of various dimensional metrology tools according to internationally accepted methods
and to identify (quantify) the leading contributors. ®

Often, special test structures are measured during manufacturing. When this is the case, active device dimensions are not
measured. CD-SEM continues to be used for wafer and mask measurement of lines and via/contact. A considerable effort
has been aimed at overcoming electron beam damage to photoresist used by 193 nm exposures and that will continue
when alternative lithography techniques, like immersion and EUVL, are introduced. Stack materials, surface condition,
line shape, and even layout in the line vicinity may affect CD-SEM waveform and, therefore, extracted line CD. These
effects, unless they are accurately modeled and corrected, increase measurement variation and total uncertainty of CD
SEM measurements. Developments in electron beam source technology that improve resolution and precision are being
tested. CD-SEM is facing an issue with poor depth of field unless a new approach to SEM-based CD measurement is
found. High-voltage CD-SEM and low loss detectors have been proposed as means of extending CD-S