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DiscLAIMER

Disclaimer: Certain commercial equipment and/or software are identified in this report to
adequately describe the experimental procedure. Such identification does not imply recom-
mendation or endorsement by the National Institute of Standards and Technology, nor does
it imply that the equipment and/or software identified is necessarily the best available for
the purpose.

References: References made to the International Technology Roadmap for Semiconductors
(ITRS) apply to the most recent edition, dated 2005 or the ITRS 2006 Update.

Semiconductor Industry Association. The International Technology Roadmap for Semicon-
ductors, 2005 edition. SEMATECH: Austin, TX, 2005.

These documents are available on-line at URL: http://public.itrs.net or in printed copy by
contacting SEMATECH, 2706 Montopolis Drive, Austin, TX 78741, ITRS department
860-008, phone: (512) 356-3500.

The reader will notice that there are acronyms and abbreviations throughout this document
that are not spelled out due to space limitations. We have listed the acronyms and abbrevia-
tions in an appendix at the end of this document.
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WELCOME AND INTRODUCTION

WELCOME

The microelectronics industry supplies vital components to the electronics industry and to
the U.S. economy, enabling rapid improvements in productivity and in new high technology
growth industries such as electronic commerce and biotechnology. The National Institute of
Standards and Technology, NIST, in fulfilling its mission of strengthening the U.S. economy,
works with industry to develop and apply technology, measurements and standards; and ap-
plies substantial efforts on behalf of the semiconductor industry and its infrastructure. This
report describes the many projects being conducted at NIST that constitute that effort.

HistoricaL PERSPECTIVE

NIST’s predecessor, the National Bureau of Standards (NBS), began work in the mid-1950s
to meet the measurement needs of the infant semiconductor industry. While this was initially
focused on transistor applications in other government agencies, in the early 1960s the Bureau
sought industry guidance from the American Society for Testing and Materials (ASTM) and
the U.S. Electronic Industries Association (EIA). ASTM’s top priority was the accurate mea-
surement of silicon resistivity. NBS scientists developed a practical nondestructive method
ten times more precise than previous destructive methods. The method is the basis for five
industrial standards and for resistivity standard reference materials widely used to calibrate
the industry’s measurement instruments. The second project, recommended by a panel of EIA
experts, addressed the “second breakdown” failure mechanism of transistors. The results of
this project have been widely applied, including solving a problem in main engine control
responsible for delaying the launch of a space shuttle.

From these beginnings, by 1980 the semiconductor metrology program had grown to employ
a staff of 60 with a $6 million budget, mostly from a variety of other government agencies.
Congressional funding in that year gave NBS the internal means to maintain its semiconductor
metrology work. Meeting industrial needs remained the most important guide for managing
the program.

INDUSTRIAL METROLOGY NEEDS

By the late 1980s, NBS (now NIST) recognized that the semiconductor industry was applying
a much wider range of science and engineering technology than the existing NIST program
was designed to cover. The necessary expertise existed at NIST, but in other parts of the
organization. In 1991, NIST established the Office of Microelectronics Programs (OMP) to
coordinate and fund metrological research and development across the agency, and to provide
the industry with easy single point access to NIST’s widespread projects. Roadmaps devel-
oped by the U.S. Semiconductor Industry Association (SIA) have independently identified
the broad technological coverage and growing industrial needs for NIST’s semiconductor
metrology developments. As the available funding and the scope of the activities grew, the
collective name became the National Semiconductor Metrology Program (NSMP), operated
by the OMP.

The NSMP has stimulated a greater interest in semiconductor metrology, motivating most of
NIST’s laboratories to launch additional projects of their own and to cost-share OMP-funded
projects. The projects described in this book represent this broader portfolio of microelectron-
ics projects. Most, but not all, of the projects described are partially funded by the NSMP,
which is providing a $12 million budget in fiscal year 2007.



FosTeErRING NIST’s RELATIONSHIPS WITH THE INDUSTRY

NIST’s relationships with the SIA, SEMATECH and its subsidiary, International SEMA-
TECH Manufacturing Initiative (ISMI), and the Semiconductor Research Corporation (SRC)
are also coordinated through the OMP. Staff from OMP and NIST Laboratories represents
NIST on the SIA committees that develop the International Technology Roadmap for Semi-
conductors (ITRS), as well as on numerous SRC Technical Advisory Boards. NIST staff is
also active in the International National Electronics Manufacturers Initiative (iNEMI), the
EIA, the International Organization for Standardization (ISO), and Semiconductor Equipment
and Materials International (SEMI). NIST supports the United States National Committee
Technical Advisory Group for the International Electrotechnical Commission Technical Com-
mittee TC113 on Nanotechnology Standardization for Electrical and Electronic Products and
Systems (Technical Advisor, USNC TAG for IEC TC 113 on nanotechnology) by funding the
Technical Advisor to that organization.

LEARN MoRre ABouT SEMICONDUCTOR METROLOGY AT NIST

This publication provides summaries of NIST’s metrology projects for the silicon semicon-
ductor industry and their suppliers of materials and manufacturing equipment. Each project
responds to one or more metrology requirements identified by the industry in sources such
as the ITRS. NIST is committed to listening to the needs of industry, working with industry
representatives to establish priorities, and responding where resources permit with effective
measurement technology and services. For further information, please contact:

Office of Microelectronic Programs

National Institute of Standards and Technology
100 Bureau Drive

Building 225, Room A317, Mail Stop 8101
Gaithersburg, MD 20899-8101

Telephone: (301) 975-4400

Fax: (301) 975-6513

e-mail: nsmp@nist.gov

Internet: http://www.eeel.nist.gov/omp



OFFICE oF MICROELECTRONICS PROGRAMS
ORGANIZATION

KNIGHT, Stephen (Director) stephen.knight@nist.gov
(301) 975-2871

MARTINEZ DE PINILLQOS, Joaquin V. (Senior Scientist) jack.martinez@nist.gov
(301) 975-8125

BUCKLEY, Michele L. (Office Manager) michele.buckley@nist.gov
(301) 975-4400

From left to right: Joaquin Martinez de Pinillos, Stephen Knight, and Michele Buckley.

Semiconductor Microelectronics and Nanoelectronics Programs







LiTHoGRAPHY METROLOGY PROGRAM

Advances in lithography have largely driven the spectacular productivity improvements of
the integrated circuit industry, a steady quadrupling of active components per chip every
three years over the past several decades. This continual scaling down of transistor dimen-
sions has allowed more and more components on a chip, lowered the power consumption
per transistor, and increased the speed of the circuitry. The shrinking of device dimensions
has been accomplished by shortening the wavelength of the radiation used by the lithography
exposure tools. The workhorse tools at this point operate at 193 nm. In order to further shrink
dimensions liquid immersion tools with water as the immersion fluid are being introduced.
Further size reduction through the use of high index fluids, lens materials and photoresist
for 193 nm tools are under intense exploration for even higher numerical aperture systems.
Looking beyond the deep ultraviolet, extreme ultraviolet radiation (EUV) at 13 nm is being
investigated, and demonstration tools are being designed and assembled. At least three alpha
tools were shipped to development consortia in 2006. The overall goal of this task is to sup-
port these developments in DUV and EUV. The areas of emphasis are characterization of
lens materials, immersion fluids, laser calorimetry, radiation detector sensitivity and damage,
EUV lens metrology, and metrology for the development of advanced photoresist materials
for both DUV and EUV.
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METROLOGY SUPPORTING DEEP ULTRAVIOLET

LITHOGRAPHY

GoaALs

Develop solutions to key optical metrology is-
sues confronting the semiconductor lithography
industry. These include development of measure-
ment methods and standards for characterizing
deep ultraviolet (DUV) laser sources, detectors,
and materials. One focus is on delivering high-
accuracy measurements of DUV detector param-
eters and materials properties of immediate need
by the industry. There is ongoing activity in the
following areas: standards development, calibra-
tion services, characterization of optical materials,
sources, and detectors, in addition to advising
customers on in-house measurements.

CusTtoMER NEEDS

Increasing information technology requirements
have created a strong demand for faster logic
circuits and higher-density memory chips. This
demand has led to the introduction of DUV
laser-based lithographic tools for semiconductor
manufacturing. These tools, which employ KrF
(248 nm) and ArF (193 nm) excimer lasers, have
led to an increased demand for accurate optical
measurements at DUV laser wavelengths.

Anew lithography technology, immersion lithog-
raphy, depends on incorporating a high-index fluid
between the optical system and the wafer and
possibly also incorporating a high-index material
as the last lens element. Design and development
of 193 nm immersion lithography requires accu-
rate measurements of the index properties of the
potential 193 nm fluids and materials.

To support these efforts, the National Institute
of Standards and Technology (NIST), with
SEMATECH, has developed a DUV metrology
program focusing on the characterization of DUV
optical materials, sources, and detectors.

The potential challenges for lithographic devel-
opment are discussed in the 2005 International
Technology Roadmap for Semiconductors. Page 1
of the Lithography section states: “Significant
challenges exist in extending optical projec-
tion lithography at 193 nm wavelength using
immersion lenses....”” The need for advancing
metrology in lithography is discussed on page 1
of the Metrology section: ““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.”

TECHNICAL STRATEGY

High-accuracy measurements of the index proper-
ties of UV materials are required for the design of
DUV lithography systems. NIST has been provid-
ing absolute index measurements at 193 nm and
157 nm with an accuracy of about 5 ppm to the
industry using its DUV minimum-deviation-angle
refractometer. To improve on this absolute accu-
racy, NIST has constructed a new state-of-the-art
minimum-deviation system and separately devel-
oped another system based on a vacuum ultraviolet
(VUV) FT spectrometer and synchrotron radiation
as a continuum source (see Fig. 1). Both of these
systems enable measurements to an accuracy of
1 ppm, and are used to characterize high-index
lens materials and immersion fluids for 193 nm
lithography systems.

Figure 1. Facility for detector VUV radiation
damage study using synchrotron radiation from
SURF and a 157 nm excimer laser.

DELIVERABLES: Measurement of the refractive index
of fused silica, CaF,, and water, as well as high-index
fluids and high-index lens materials, with an accuracy
of 1 ppm. 4Q 2007

Taking full advantage of the potential resolution
gain with immersion lithography may require us-
ing high-index materials as the last lens element,
though as yet no such material has been demon-
strated at 193 nm. To address this need we have,
with the support of SEMATECH, undertaken and

Technical Contacts:
J. H. Burnett
M. Dowell

“It's an excellent service
NIST has performed for
the entire industry. The
kind of thing NIST is
there for — to identify
issues before the train

wreck takes place.”

Mordechai Rothschild,
Massachusetts Institute
of Technology’s

Lincoln Laboratory



completed a survey of candidate materials. As a
result of this work we have identified two very
promising materials, ceramic spinel and lutetium
aluminum garnet (LUAG). Both materials have
indices near 2.0 at 193 nm and have the potential
for high optical quality at this wavelength. In ad-
dition, the intrinsic birefringence is low for LUAG
and negligible for ceramic spinel. We are now
characterizing the complete UV optical properties
of these materials.

DELIVERABLES: Fully characterize the 193 nm opti-
cal properties of LUAG and ceramic spinel. 4Q 2007

An absolute light source in the DUV range based
on synchrotron radiation using NIST’s Synchro-
tron Ultraviolet Radiation Facility (SURF 1I1)
has been established using a dedicated beamline
at SURF Ill. The flux of the DUV radiation at
this beamline can be known to very high accuracy
through the well established equations governing
the behavior of the synchrotron radiation. The
beamline is designed for customer calibration
of a variety of DUV instruments to assist the
development of the DUV lithography such as
monochromators, discharge lamps, and irradi-
ance meters. The spectral range covers all of the
current important wavelengths for semiconductor
industry such at 248 nm, 193 nm, 157 nm and even
down to 13 nm. The uncertainty of such calibra-
tion is better than 1 % in the case of deuterium
lamp calibration.

DELIVERABLES: Provide customer DUV calibration
for discharge lamps, monochromators, and irradiance
meters using SURF Il source-based beamline with
highest accuracy. Ongoing

Beginning with the first edition of the National
Technology Roadmap for Semiconductors
(NTRS) in 1992, the semiconductor industry has
made an organized, concentrated effort to reduce
the feature sizes of integrated circuits. As a result,
there has been a continual shift towards shorter
exposure wavelengths in the optical lithography
process. Because of their inherent characteristics,
deep ultraviolet (DUV) lasers, and specifically
KrF (248 nm) and ArF (193 nm) excimer lasers,
are the preferred sources for high-resolution
lithography at this time. To meet the laser metrol-
ogy needs of the optical lithography community,
we have developed primary standards and asso-
ciated measurement systems at 193 nm, 248 nm,
and 157 nm. Figure 2 shows the excimer laser
calibration facility.

Figure 2. Laboratory for excimer laser energy and
power meter calibrations, with measurement systems
for 248 nm, 193 nm, and 157 nm. The excimer

lasers are along the top right and the enclosures for
nitrogen gas purging are in the foreground.

DELIVERABLES: Proven high-quality calibration
services, and supporting measurements for excimer
laser power and energy meters to the Semiconductor
Industry at 248 nm, 193 nm, and 157 nm. Ongoing

ACCOMPLISHMENTS

®  \We have used our Hilger-Chance refractom-
eter system to assist the industry in the search
for appropriate high-index fluids (with n greater
than water, 1.4366 at 193 nm) for possible use
in immersion lithography resolution extension.
Several promising fluids have been developed by
the industry, and we have characterized their UV
optical properties. Recently we have worked with
the suppliers to demonstrate that several of these
candidate fluids have stable optical properties over
multiple exposure runs.

®  Asaresult of our high-index materials survey,
we have identified two very promising high-index
193 nm transmitting materials, that can potentially
enable immersion lithography extension. These
candidates are ceramic spinel and lutetium alumi-
num garnet (LUAG). We have demonstrated that
both materials have good 193 nm optical proper-
ties, including sufficiently low spatial-dispersion-
induced (“intrinsic”) birefringence (see Fig. 3).
Due to the results of our measurements, LUAG
and ceramic spinel are now being developed by
the industry for this application.



Figure 3. Measurement of the intrinsic birefringence
of LUAG vs. wavelength.

®  We have constructed a radiometric facility
tailored for the DUV range using a beamline at
NIST’s SURF 111 with the radiation measurement
scale derived from a high-accuracy cryogenic
radiometer. The beamline is designed for very
general-propose high-accuracy measurements.
We have used this facility to measure DUV gen-
eral material properties such as transmission and
reflectance. Examples of such measurements
include DUV mirrors, windows, filters, and also
the transmission and absorption of liquids that
could be used for immersion lithography. On the
detector side, we have calibrated and character-
ized a variety of DUV detectors such as solid state
photodetectors, solar-blind detectors, photocon-
ductive detectors, and pyroelectric detectors. We
also performed irradiance calibrations for DUV
irradiance meters.

®  We have built a facility at SURF 111 that al-
lows simultaneous exposure of photodiodes to
excimer radiation (see Fig. 4) and synchrotron
radiation. Measurements of the spectral respon-
sivity can be made in the spectral range from
130 nm to 320 nm with a standard uncertainty of
less than 1 %. The intense, pulsed laser radiation
was used to expose the photodiodes for varying
amounts of accumulated irradiation whereas the
low intensity, continuously-tunable cw radiation
from the synchrotron source was used to char-
acterize the photodiodes. The changes in the
spectral responsivity of different kinds of diodes
such as UV silicon, GaP, GaAsP, PtSi, diamond,
and GaN were measured for a large range of total
accumulated dose from an F, excimer laser oper-
ating at 157 nm. Differing amounts of changes
were seen in different diodes depending on the
total excimer irradiation dose and they showed
different spectral changes in the responsivity as
well. This yields important information about

the mechanism responsible for the degradation of
photodiodes. For example, we have determined
that for silicon photodiodes under irradiation with
a 157 nm excimer laser, an important mechanism
for the degradation is the formation of trap states at
the interface of the silicon-silicon dioxide induced
by the damaging radiation. These trap states act
as recombination centers and reduce the yield of
electric current generated by incident radiation.
A model was developed to simulate the change
in response for photodiodes irradiated by 157 nm
radiation.

Figure 4. Measurement system for detector damage
study by a 157 nm pulsed excimer laser.

m  During the last 15 years we have developed
a suite of laser calorimeter standards for 248 nm,
193 nm, and 157 nm excimer laser energy and
power measurements traceable to Sl units. The
248 nm and 193 nm calorimeters use a specially
designed absorbing cavity with a volume absorb-
ing glass to reduce potential damage to the cavity
by the high peak power in the UV laser pulses.
The 157 nm calorimeter is a fundamentally new
type of laser calorimeter standard that uses a thin-
walled SiC absorbing cavity, which is designed to
completely absorb and spread the incoming laser
energy through multiple reflections. All of these
calorimeters are calibrated using an imbedded
electrical heater that allows for traceability to SI
units through electrical standards of resistance and
voltage. Calibrations for industry customers are
accomplished for each wavelength with appropri-
ate measurement systems that involve purging of
oxygen to eliminate atmospheric absorption of
the laser radiation.

m  As a further extension of our excimer laser
services we have developed the capability to
directly measure UV irradiance or “dose” at
248 nm and 193 nm, which involves homogeniz-
ing the beam profile and measuring the energy



transmitted through a calibrated aperture. This
capability can improve accuracy for customers
who need to measure the energy absorbed at a
surface such as at the wafer plane.

We have also developed the capability to char-
acterize the nonlinear response of 193 nm and
248 nm excimer laser detectors based on the
correlation method. The method and system
solves measurement difficulties associated with
the temporal and spatial fluctuations of excimer
laser pulse energy. Using this system, one can
easily determine problems such as those due to
the incident pulse energy, range discontinuities
associated with detector gain, and detector back-
ground noise (see Fig. 5).

Figure 5. Nonlinearity measurement result of a

193 nm pulsed laser energy detector. CF is the
correction for the detector’s nonlinear response.

The response is measured in four spans, covering

2.5 meter settings. The large degree of nonlinearity at
the low end of the meter range is due to background
effects.

m We completed the first internal comparison
of the NIST UV excimer laser calorimeters. This
work includes measurements taken over the course
of a two-year period in which the performance of
the NIST 157 nm, 193 nm, and 248 nm excimer
laser calorimeters was monitored at the design
wavelengths as well as at the other excimer laser
wavelengths. The results show good agreement
among the transfer standards and excellent stabil-
ity over time. From these data, we determined that
the responsivity of the NIST UV laser calorimeters
all agree within their stated uncertainties. In all but
one case, the calorimeters’ responsivities agree to
better than 0.3 %. The comparison between the
DUV (193 nm) and UV (248 nm) calorimeters at
248 nmuncovered a 1 percent difference between
the calorimeters’ responsivities. This difference
is due to partial transmission of the 248 nm
radiation through the absorbing glass of the DUV
calorimeter which, reduces the calorimeter’s
absorptance and alters its response.
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METROLOGY SUPPORTING EXTREME ULTRAVIOLET

LITHOGRAPHY

GoaALs

Provide leading-edge metrology for the devel-
opment and characterization of sources, optical
components, and dosimeters used in Extreme
Ultraviolet Lithography (EUVL). (EUVL utilizes
radiation at 13.4 nm.)

CusTtoMER NEEDS

An intense international effort is presently under
way to install EUVL into commercial production
in 2011 at the 32 nm node. ASML has delivered
two alpha-generation steppers for initial testing,
one to SEMATECH in Albany and one to IMEC
in Belgium.

Several significant challenges to commercializa-
tion of EUVL remain, including source power,
optics lifetime, and optics and mask fabrication.
The associated metrological challenges include
the development of: (1) highly precise extreme
ultraviolet (EUV) reflectometry; (2) accurate
pulsed EUV radiometry for source comparisons
and wafer-plane dosimetry; (3) accelerated testing
techniques for optics lifetime characterization;
and (4) nanometer-level optical figure measure-
ment.

TECHNICAL STRATEGY
1. Precise EUV REFLECTOMETRY

The NIST/DARPAEUV Reflectometry Facility is
located on a multipurpose beamline on the NIST
Synchrotron Ultraviolet Radiation Facility (SURF
I11) storage ring. Currently the NIST/DARPA
facility is the only one in the U.S. large enough
to measure optics up to 40 cm in diameter and
40 kg in mass. The facility has a demonstrated
reflectivity accuracy of 0.3 % and wavelength
accuracy of 0.001 nm, with plans under-way to
improve each accuracy by a factor of two in the
near future.

Although primarily designed to serve the EUVL
community by providing accurate measurements
of multilayer mirror reflectivities, this beamline
with its associated sample chamber has also
been used for many other types of measurements
since the beamline’s commissioning in early
1993. Among the other measurements in support
of EUVL are the radiometric calibration of the
“Flying Circus II” and “E-Mon” radiometers

used for the comparison of source outputs, resist
dosimetry, and determination of EUV optical
constants through angle dependent reflectance
measurements. The reflectivity of a typical mir-
ror designed for use in a EUVL stepper is shown
in Fig. 1.

Figure 1. Reflectivity vs. wavelength of a typical
MoSi multilayer mirror. The measurement was made
at 5° from normal incidence.

DELIVERABLES: Full reflectivity maps of EUV mir-
rors up to 40 cm in diameter and 45 kg in mass on an
as needed basis for the EUVL community. Many other
types of EUV measurements including transmission,
resist dosimetry and other testing, and cw radiometric
calibrations of fully assembled filter radiometers used
in source comparisons.

2. EUV DosIMETRY

NIST is the primary national source for the radio-
metric calibration of detectors from the infrared to
the soft X-ray regions of the spectrum. The Photon
Physics Group is responsible for maintaining the
spectral responsivity standards in the far- and
extreme-ultraviolet spectral regions, including
13.5 nm, the EUVL wavelength of interest. We
operate several beamlines at the SURF Ill syn-
chrotron radiation facility, a quasi-cw source, as
well as a laser-produced plasma source, which is
pulsed with a 10-ns pulse length. With these facili-
ties, we can calibrate EUV detectors and dosimeter
packages under either cw or pulsed conditions.

A major concern when using solid state photodi-
odes for detection of short pulse length radiation
is that the detector may saturate under the high
peak power, even though the average power
is moderate. We have measured the saturation
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characteristics of EUV sensitive Si photodiodes
using 532 nm radiation as a proxy for 13.5 nm;
the absorption characteristics in Si are nearly
identical. This proxy procedure has been vali-
dated by correcting a 13.5 nm pulsed calibration
for saturation in both the sample radiometer and
the standard photodiode using saturation data
obtained at 532 nm. The corrected results were in
good agreement with individual component cali-
brations, while the uncorrected results were not.

We have found that the photodiode responsivity is
an inherently non-linear function of pulse energy;,
but the responsivity can be fit by a calibration
function having two constant parameters. Use
of the non-linear calibration function allows the
photodiode to be used with reasonable uncertainty
even when the responsivity has decreased due to
saturation effects by as much as a factor of two.
We have developed a model of the physical pro-
cesses that are responsible for saturation. The loss
of total collected charge is modeled as a result of
recombination processes in the device during the
electronic readout time. The model correctly pre-
dicts the behavior of both calibration parameters
as a function of reverse bias in the range from 0 V
to 150 V and spot sizes greater than 0.01 mm?2,
We have found no dependence on pulse length
from 10 ns to 1 ps, indicating that the effects of
saturation are the same for laser-produced plasma
sources and for the pinched plasma sources with
longer pulse lengths. There is substantial devia-
tion from the expected saturation behavior as the
illuminated area decreases (i.e., the energy density
increases) to very small spots sizes (less than
0.01 mm?). The measured saturation loss is less
than our model predicts, probably due to lateral

diffusion current that reduces the local carrier
density. It has been reported previously that the
low-power limit of the pulsed responsivity is equal
to the responsivity measured with a low-power,
cw source. Combining these results, it is possible
to transfer a continuous wave (cw) calibration to
a pulsed application with low uncertainty.

In 2006, we participated in an international inter-
comparison of EUV detector responsivity. This
intercomparison will establish the world-wide
equivalence of detector responsivity measure-
ments from the major National Metrology Insti-
tutes performing these calibrations. We will also
work to expand our EUV measurement capabili-
ties to include measurements of EUV spectrograph
and CCD responsivity to further aid the EUVL
community.

DELIVERABLES:

e EUV detector responsivity international intercom-
parison; results expected. 3Q 2007

* New type of power meter for pulsed source.
2Q 2007

* Photodiodes and other EUV radiometric devices on
customer as needed basis.

3. EUV OrpTics DAMAGE
CHARACTERIZATION

One of the potential showstoppers for commer-
cialization of EUVL is the degradation of the
multilayer-mirror stepper optics. The mirrors lose
reflectivity because adsorbed contaminant gases
such as hydrocarbons and water are cracked by
the energetic (13.5 nm) photons. This leads to
growth of an amorphous carbon layer on the optics
surfaces or to oxidation of the optics themselves.
The former effect is largely reversible; however,
the latter is not. Unfortunately, these ambient
contaminants cannot be eliminated by baking
because the alignment of the mirror stack must be
maintained to submicron tolerances and because
of the presence of the outgassing from the resist
coated wafer as it is being exposed.

The oxidation and carbonization are actually com-
peting processes, and preliminary demonstrations
have shown that the addition of a hydrocarbon
can result in the deposition of a sacrificial layer
of carbon that inhibits the oxidation of the cap
layer that is used to protect the optic. The present

Figure 2. Detailed study of time and intensity dependence of degradation
at a single pressure of 7 x 10+ Pascals (5 x 10 Torr). Four regions noted:
1) very low fluence — improved reflectivity; 2) low to intermediate fluence —
decreased reflectivity; 3) intermediate fluence — recovered reflectivity; and
4) high fluence — steadily decreasing reflectivity.

strategy by the stepper manufacturers is to attempt
to find a point in the oxidation-carbonization bal-
ance that leaves an oxidation-resistant cap layer,
such as ruthenium, undamaged.



To study the effectiveness of such a strategy and
to better understand the underlying processes
responsible for mirror degradation, NIST has
installed two beamlines at the Synchrotron Ul-
traviolet Radiation Facility (SURF I1l1) that can
expose capped-multilayer samples to = 6 mW/
mm? of 13.5 nm radiation in an environment of
controlled water or hydrocarbon partial pressures
up to 6.7x10* Pa. To date the most oxidation-
resistant capping layers available have been
~ 2 nm of ruthenium or ~ 2 nm of titanium diox-
ide. Our exposure facility has demonstrated that
multilayers with these capping layer suffer ap-
proximately one-tenth the reflectivity loss of bare
Si-capped multilayers when exposed for =~ 100 h
under rather aggressive oxidation conditions of
1x10* Pa of water vapor. In addition to measur-
ing the reflectivity loss of exposed multilayers
(Figure 2), the damage will be characterized using
a range of surface analysis techniques including
micro XPS.

In addition to expanding our facilities, we have
also established very fruitful collaborations with
experts in surface science both within and outside
the NIST community.

DELIVERABLES:

*  Work with industrial collaborators to evaluate
various hydrocarbon-oxidation balance mitigation
schemes. 4Q 2007

* Develop with industrial collaborators standard test-
ing for resist outgassing. 3Q 2007

4. SuB-NM UNCERTAINTY OPTICAL
Ficure MEASUREMENT

The commissioning of the “eXtremely accurate
CALIBration InterferometeR” (XCALIBIR)
at NIST is now complete and the instrument is
fully functional (Fig. 3). The XCALIBIR in-
terferometer is a multi-configuration precision
phase-measuring interferometer for optical figure
measurements of flat, spherical and aspheric op-
tics that can achieve the very low measurement
uncertainties that are required for the measure-
ment of EUVL optics.

The XCALIBIR interferometer may be operated
in either Twyman-Green or Fizeau configurations.
Abeam expander in the test arm of the interferom-
eter provides a collimated test beam with 300 mm
diameter. Transmission spheres are used to realize
a spherical Fizeau interferometer for the testing
of spherical and aspheric surfaces. The part under
test is mounted on a remotely controlled 5+1-axis
mount that can be moved on air bearings along

Figure 3. Aview of the XCALIBIR interferometer.

a precision slideway in the direction of the opti-
cal axis of the interferometer. A system of three
laser-interferometers tracks the movement of the
test mount in the direction of the optical axis. A
single-mode external cavity diode laser (ECDL) is
used as the light source in XCALIBIR. The laser
frequency can be modulated to vary the effective
temporal coherence over a wide range. Optical
fibers with different core diameters are used to
couple the light into the interferometer. The spatial
coherence of the light source can thus be varied by
using fibers with different core diameter.

The 300 mm diameter reference flats for the flat
Fizeau configuration of the interferometer were
calibrated with a 3-flat, 6-position self-calibration
test. Figure 4 shows the topography of one of the
reference flats. A large number of 3-flat measure-
ments were made to estimate the measurement
uncertainty. For each of the flats A, B, and C the
rms of the difference between the averaged flat
solutions and the individual measurements was
plotted in a histogram (Fig. 5, next page). A (statis-
tical) measurement uncertainty of approximately
0.2 nm rms is evident.

Figure 4. Topography of a 300 mm diameter
XCALIBIR reference flat.



Figure 5. Distribution of rms deviations from best
estimates surface (mean) for three flats A, B, and C.

When measurements of aspheric optics without
null-optics are made, it is frequently the case
that only a part, or subaperture, of a surface can
be measured at once. For the figure measure-
ment of the entire aspheric surface a number of
overlapping subaperture measurements must then
be combined, or “stitched” together. We have
implemented flexible and robust algorithms for
the stitching of subaperture measurements. To
demonstrate the power of the stitching algorithm
a precision silicon sphere with 96.4 mm diameter
(a 1 kg mass sphere) was set up on a rotary table
in XCALIBIR and the surface figure error was
measured with an F/1.3 transmission sphere.
138 surface error measurements were made at
10° intervals. As shown in Fig. 6, the individual,
overlapping, surface error measurements were
then stitched together to form a map of the form
error of the silicon sphere.

Figure 6. Deviation from perfect spherical form of a
1 kg precision silicon sphere.

In addition to the XCALIBIR interferometer,
we are developing a new metrology tool for the
measurement of aspheric and free-form preci-

sion surfaces, the Geometry Measuring Machine
(GEMM). In its current form, GEMM is a
profilometer for free-form surfaces. A profile is
reconstructed from the local curvature of a test
part surface, measured at several locations along
a line. For profile measurements of free-form
surfaces, methods based on local part curvature
sensing have strong appeal. Unlike full-aperture
interferometry they do not require customized null
optics. The uncertainty of a reconstructed profile
is critically dependent upon the uncertainty of the
curvature measurement and, to a lesser extent, on
curvature sensor positioning accuracy. The new
instrument, shown in Fig. 7, provides an alterna-
tive means for validating the measurements made
with XCALIBIR.

Figure 7. Geometry Measuring Machine (GEMM)
for form measurements of free-form precision
surfaces.

DELIVERABLES: Validation of stitching method for
form error measurements of aspheric surfaces with
low uncertainty. This will be done with an industrial

collaborator. 4Q 2006
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PoLYMER PHOTORESIST FUNDAMENTALS FOR
NEXT-GENERATION LITHOGRAPHY

GoaALs

In this project, we are developing an integrated
program involving fundamental studies of pho-
toresist materials to be correlated with resist
performance metrics impacting next generation
photolithography. We work closely with industrial
collaborators to develop and apply high spatial
resolution and chemically specific measurements
to understand varying material properties and pro-
cess Kinetics at nanometer scales and to provide
high quality data needed in advanced modeling
programs. This program provides a detailed
foundation for the rational design of materials and
processing strategies for the fabrication of sub 50
nm structures. The unique measurement methods
we apply include specular and off-specular X-ray
and neutron reflectivity (XR, NR), small angle
neutron scattering (SANS), near-edge X-ray ab-
sorption fine structure (NEXAFS) spectroscopy,
quartz crystal microbalance (QCM), solid state
nuclear magnetic resonance (NMR), atomic
force microscopy (AFM), infrared variable angle
spectroscopic ellipsometry (IR-VASE), and fluo-
rescence correlation spectroscopy (FCS). Our
efforts focus on the fundamentals of polymeric
materials and processes that control the resolu-
tion of the photolithography process including:
(1) the photoresist polymer chain architecture
and conformation within sub 50 nm structures;
(2) the spatial segregation and distribution of
critical photoresist components; (3) the transport
and kinetics of photoresist components, and the
deprotection reaction interface over nanometer
distances; (4) the material sources of line-edge
roughness (LER), a measure of the ultimate
resolution of the lithographic process; (5) the
polymer physics of the developer solution and the
dissolution process; and (6) influence of moisture
on the thermo-physical properties of interfaces
as applicable to immersion lithography. These
data are needed to meet the future lithographic
requirements of sub 50 nm imaging layers and
critical dimensions.

CusTtoMER NEEDS

Photolithography remains the driving and en-
abling technology in the semiconductor industry
to fabricate integrated circuits with ever decreas-
ing feature sizes. Today, current fabrication
facilities use chemically-amplified photoresists,

complex and highly tuned formulations of a
polymer film loaded with photoacid generators
(PAGs) and other additives. Upon exposure of the
photoresist film through a mask, the PAG creates
acidic protons. A post-exposure bake is then ap-
plied and the acid protons diffuse and catalyze a
deprotection reaction on the polymer that alters its
solubility for development in an aqueous base so-
lution. These reaction-diffusion, and development
processes must be understood and controlled at
the nanometer length scale to fabricate effectively
integrated circuits. Chemically amplified resists
are also deposited onto bottom anti-reflection
coatings (BARCSs). Interactions and component
transport between the BARC and resist layer can
lead to loss of profile control or pattern collapse.
Detailed studies of these interaction and transport
mechanisms are needed to design materials for the
successful fabrication of sub 50 nm structures.

There are significant challenges in extending this
technology to fabricate the smaller feature sizes
(sub 50 nm) needed to continue performance
increases in integrated circuits. First, new radia-
tion sources with shorter wavelengths (193 nm or
EUV) require photoresist films nearing 100 nm
thick to ensure optical transparency and uniform
illumination. In these ultrathin films, confinement
can induce deviations in several key materials
parameters such as the macromolecular chain
conformation, glass transition temperature, com-
ponent distribution, or transport properties. Fur-
thermore, the required resolution for a sub 50 nm
feature will be on the order of 2 nm, approaching
the macromolecular dimensions of the photoresist
polymers. Itis not yet clear how deviations due to
confinement will affect the ultimate resolution in
these ultra-thin photoresist films. Additionally, the
material sources of feature resolution (line-edge
and sidewall roughness) and profile control need
to be identified and understood to ensure the suc-
cess of needed patterning technologies.

The requirements for advanced photoresists are
discussed in the updated 2006 International Tech-
nology Roadmaps for Semiconductors on page
5, Lithography Section. Table 75 on ““Lithog-
raphy Difficult Challenges™ for resist materials
at sub- 32 nm indicates three issues (1) Resist
and antireflective coating materials composed
of alternatives to PFAS compounds, (2) Limits of
chemically amplified resist sensitivity for < 32 nm

Technical Contacts:
V. M. Prabhu

E. K. Lin

W. L. Wu

“[This team has ] made
seminal contributions to
the field of lithography
in elucidating the effects
that contribute to line
edge roughness using
the unique technical
capabilities and know-
how of NIST. Their
successful cooperation
with industry partners
and research
organizations has

been both scientifically
outstanding as well

as a model of how to
implement such joint

research efforts.”

Ralph Dammel, AZ Electronics



“[This team has ]

made ground breaking
contributions to

the fundamental
understanding of resist
line edge roughness —
atechnological
bottleneck that threatens
to derail the continuing
miniaturization of the

semiconductor devices.”

Qinghuang Lin, IBM

“...ljustfinished a
presentation for AMD

on your work. Every
time I look at it, the
framework that has been
established seems more
and more valuable for
future work. ... AMD is a
huge proponent of what
you have done.”

Karen Turnquest, AMD,
SEMATECH, Lithography

half-pitch due to acid diffusion length, and (3)
materials with improved dimensional control and
LWR control.

TECHNICAL STRATEGY

In this project, we use model photoresist materials
to validate the new measurement methods. Model
photoresist materials (248 nm, 193 nm, and EUV)
have been used initially to address several impor-
tant fundamental questions including the thermal
properties of ultrathin films as a function of film
thickness and substrate type, the conformation
of polymer chains confined in ultrathin films, the
surface concentration of PAGs, the diffusion and
the deprotection reaction Kinetics, and the phys-
ics of the development process. These results
provide a basis for understanding the material
property changes that may affect the development
of lithography for sub-50 nm structures using
thin photoresist imaging layers. The interaction
between model photoresists and BARC materials
also requires detailed experimental investiga-
tion to optimize the materials factors impacting
lithographic performance. Each process step
requires an interdisciplinary array of experimental
techniques to measure the polymer chemistry and
physics in thin films as shown in Fig. 1.

Figure 1. Key lithographic process steps studied
for materials fundamentals. A model 193-nm resist
under investigation is shown with the acid-catalyzed
deprotection reaction.

DELIVERABLES:

» Develop reaction kinetics models to analyze experi-
mental data as a function of dose, PEB time, and
component concentration. 1Q 2007

* Measure the in situ spatial extent of the residual
swelling fraction by neutron reflectivity. 2Q 2007

* Measure the effect of salt valence on the spatial
extent of the residual swelling fraction by neutron
reflectivity. 3Q 2007

» Develop a method to analyze the depth profiling
of deprotection by variable-angle spectroscopic
ellipsometry (IR-VASE). 3Q 2007

e Quantify the lateral length evolution in a model line-
edge photoresist system by off-specular neutron
reflectivity. 3Q 2007

* Assess development effects and influence of PAG
loading on LER using the EUV exposure tool at
the Advanced Light Source, Lawrence Berkeley
National Laboratory. 4Q 2007

* Advance solid state NMR characterization of pho-
toresist/photoacid generator dispersion to thin films
using unique substrates. 4Q 2007

ACCOMPLISHMENTS

®  EUV photoresist polymers are expected for
imaging at the 32 nm node and smaller. Similar
to 193 nm the deprotection reaction front profile
isacritical factor. However, in particular to EUV
photoresists high PAG loading as well as lower
EUV doses are expected. We applied neutron
reflectivity to understand the effect of dose using
model deuterated polymeric resists as shown in
Fig. 2. The deprotection fronts exhibit two differ-
ent length scales; a slow front that initiates high
degrees of deprotection near the interface and
a fast front that propagates into the resist with
reaction-diffusion lengths consistent with those re-
ported in the literature. However, the deprotection
leve