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Methods for the determination of center of focus and process
control for a lithographic tool. Diffraction signatures are
obtained from a plurality of diffraction structures located
within multiple different focus setting fields. Variability of
diffraction signatures with each field are determined, by
direct analysis or comparison to a library. The variation or
uniformity may be represented by any measure, including
the standard deviation or the range of values of a chosen
feature of a library of theoretical diffraction structures or the
variability or uniformity of the diffraction signatures them-
selves, such as by RMS difference or intensity range. The
methods may be used for process control and monitoring of
focus drift by determining intra-field variation of diffraction
signatures of multiple diffraction structures in a series of
wafers.
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DETERMINATION OF CENTER OF FOCUS
BY PARAMETER VARIABILITY ANALYSIS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of the filing of U.S.
Provisional Patent Application Ser. No. 60/462,353, entitled
Determination Of Center Of Focus In Lithographic Appli-
cations, filed on Apr. 10, 2003, the specification of which is
incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention (Technical Field)

The present invention relates to methods for determina-
tion of parameters in lithography devices and applications
by analysis of the variation in measurements of multiple
diffracting structures located in different fields on a wafer,
including determination of center of focus in lithography
applications, such as for photoresist lithographic wafer pro-
cessing, and methods of process and quality control using
such determinations.

2. Background Art

Note that the following discussion refers to a number of
publications by author(s) and year of publication, and that
due to recent publication dates certain publications are not to
be considered as prior art vis-a-vis the present invention.
Discussion of such publications herein is given for more
complete background and is not to be construed as an
admission that such publications are prior art for patentabil-
ity determination purposes.

Lithography has a variety of useful applications in the
semiconductor, optics and related industries. Lithography is
used to manufacture semiconductor devices, such as inte-
grated circuits created on wafers, as well as flat-panel
displays, disk heads and the like. In one application, lithog-
raphy is used to transmit a pattern on a mask or reticle to a
resist layer on a substrate through spatially varying light.
The resist layer is then developed and the exposed pattern is
either cleaned away (positive resist) or remains (negative
resist) to form a three dimensional image pattern in the resist
layer. However, other forms of lithography are employed in
addition to photoresist lithography.

In one form of lithography, particularly used in the
semiconductor industry, a wafer stepper is employed, which
typically includes a reduction lens and an illumination light
source, a wafer stage, a reticle stage, wafer cassettes and an
operator workstation. Modern stepper devices employ both
positive and negative resist methods, and utilize either the
original step-and-repeat format or a step-and-scan format, or
both.

Exposure and focus determine the quality of the image
pattern that is developed, such as in the resist layer utilizing
photoresist lithography. Exposure determines the average
energy of the image per unit area and is set by the illumi-
nation time and intensity. Focus determines the decrease in
variation relative to the in-focus image. Focus is set by the
position of the surface of the resist layer relative to the focal
plane of the imaging system.

Local variations of exposure and focus can be caused by
variations in the resist layer thickness, substrate topography,
and lithography tool focus drift. Because of possible varia-
tions in exposure and focus, image patterns generated
through lithography require monitoring to determine if the
patterns are within an acceptable tolerance range. Focus and
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2

exposure controls are particularly important where the litho-
graphic process is being used to generate sub-micron lines.

A variety of methods and devices have been used to
determine focus of stepper and similar lithography tools.
Scanning electron microscopes (SEM) and similar devices
are employed. However, while SEM metrology can resolve
features on the order of 0.1 microns, the process is costly,
requires a high vacuum chamber, is relatively slow in
operation and is difficult to automate. Optical microscopes
can be employed, but do not have the required resolving
power for sub-micron structures. Other methods include the
development of specialized targets and test masks, such as
are disclosed in U.S. Pat. Nos. 5,712,707, 5,953,128, and
6,088,113. Overlay error methods are also known, as dis-
closed in U.S. Pat. No. 5,952,132. However, these methods
still require use of SEM, optical microscopes or similar
direct measurement devices.

A variety of scatterometer and related devices and mea-
surements have been used for characterizing the microstruc-
ture of microelectronic and optoelectronic semiconductor
materials, computer hard disks, optical disks, finely polished
optical components, and other materials having lateral
dimensions in the range of tens of microns to less than
one-tenth micron. For example, the CDS200 Scatterometer,
made and sold by Accent Optical Technologies, Inc., is a
fully automated nondestructive critical dimension (CD)
measurement and cross-section profile analysis system, par-
tially disclosed in U.S. Pat. No. 5,703,692. This device can
repeatably resolve critical dimensions of less than 1 nm
while simultaneously determining the cross-sectional profile
and performing a layer thickness assessment. This device
monitors the intensity of general diffracted light, which may
include but is not limited to the intensity a single diffraction
order as a function of the angle of incidence of the illumi-
nating light beam. The intensity variation of the 0% or
specular order as well as higher diffraction orders from the
sample can be monitored in this manner, and this provides
information that is useful for determining the properties of
the sample target which is illuminated. Because the process
used to fabricate the sample target determines the properties
of a sample target, the information is also useful as an
indirect monitor of the process. This methodology is
described in the literature of semiconductor processing. A
number of methods and devices for scatterometer analysis
are taught, including those set forth in U.S. Pat. Nos.
4,710,642, 5,164,790, 5,241,369, 5,703,692, 5,867,276,
5,889,593, 5,912,741, and 6,100,985.

Another technique to determine best focus uses a spe-
cially designed reticle based upon phase shift technology (R.
Edwards, P. Ackmann, C. Fischer, “Characterization of
Autofocus Uniformity and Precision on ASMIL. Steppers
using the Phase Shift Focus Monitor Reticle,” Proc. SPIE
Vol. 3051, pp. 448-455, 1997). As the features are shot
further away from best focus, the images printed from the
reticle become more asymmetric and have more lateral
image displacement. These images can be analyzed using
image-based metrology tools, such as those used for overlay
measurements.

Another technique to determine best focus is the line-
shortening technique, also known as ‘schnitzlometry’ (C. P.
Ausschnitt, M. E. Lagus, “Seeing the forest for the trees: a
new approach to CD control,” Proc. SPIE Vol. 3332, pp.
212-220, 1998). The method uses relatively large CD (~3
microns) line/space arrays, where two arrays are placed next
to each other. As the structures are printed through focus
and/or dose, the lines themselves shorten and the space
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between the arrays broadens. This space can be measured
using image-based metrology tools such as those used for
overlay measurements.

One of the more widely used techniques for determination
of best focus is the so-called “Bossung plot” method. When
a CD metrology tool such as a CD-SEM or scatterometer
measures CD on a selected feature printed through focus, the
resulting trend is usually parabolic. Fitting a parabolic curve
to the CD trend and determining where the slope of the curve
is zero identifies best focus. These curves are known as
Bossung plots. One advantage to the Bossung method is that
the actual CD of the process is quantified in addition to the
best focus condition. However, the method is not always
robust for certain process conditions which makes it difficult
to determine best focus and difficult to implement in an
automated manner. Furthermore, when the method is used
with a CD-SEM, the measurement may be influenced by
changes to the sidewall angle of the lines and hence produce
a biased result.

Scatterometers and related devices can employ a variety
of different methods of operation. In one method, a single,
known wave-length source is used, and the incident angle ®
is varied over a determined continuous range. In another
method, a number of laser beam sources are employed,
optionally each at a different incident angle . In yet another
method, an incident broad spectral light source is used, with
the incident light illuminated from some range of wave-
lengths and the incident angle ® optionally held constant.
Variable phase light components are also known, utilizing
optics and filters to produce a range of incident phases, with
a detector for detecting the resulting diffracted phase. It is
also possible to employ variable polarization state light
components, utilizing optics and filters to vary the light
polarization from the S to P components. It is also possible
to adjust the incident angle over a range ¢, such that the light
or other radiation source rotates about the target area, or
alternatively the target is rotated relative to the light or other
radiation source. Utilizing any of these various devices, and
combinations or permutations thereof, it is possible and
known to obtain a diffraction signature for a sample target.

Besides scatterometer devices, there are other devices and
methods capable of determining the diffraction signatures at
the 0% order or higher diffraction orders using a light-based
source that can be reflected off of or transmitted through a
diffraction structure, with the light captured by a detector.
These other devices and methods include ellipsometers and
reflectometers, in addition to scatterometers. It is further
known that non-light-based diffraction signatures may be
obtained, using other radiation sources as, for example,
X-rays.

A variety of sample targets are known in the art. A simple
and commonly used target is a diffraction grating, essentially
a series of periodic lines, typically with a width to space ratio
of'between about 1:1 and 1:3, though other ratios are known.
A typical diffraction grating, at for example a 1:3 ratio,
would have a 100 nm line width and a 300 nm space, for a
total pitch (width plus space) of 400 nm. The width and pitch
is a function of the resolution of the lithographic process,
and thus as lithographic processes permit smaller widths and
pitches, the width and pitch may similarly be reduced.
Diffraction techniques can be employed with any feasible
width and pitch, including widths and/or pitches substan-
tially smaller than those now typically employed. Bi-peri-
odic and other multi-periodic structures are also known,
such as those disclosed in U.S. patent application Publica-
tion No. US 2002/0131055, published Sep. 19, 2002. Three-
dimensional gratings or structures are also known, including
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those disclosed in U.S. Pat. No. 6,429,930. Thus diffracting
structures may possess more than one period, or may be
made up of elements other than lines and spaces, such as
holes, squares, posts or the like. It is further known that
diffraction from a non-periodic structure, such as an isolated
feature or series of features, may also employed for the
method and claims discussed herein.

Diffraction structures are typically dispersed, in a known
pattern, within dies on a wafer. It is known in the art to
employ multiple dies (or exposure fields) on a single wafer.
Each diffraction structure may be made by lithographic
means to be at a different focus, such as by employing a
different focus setting or a different exposure setting or dose.
It is also known that center of focus may be determined
using scatterometry and diffraction structures by comparing
diffraction signatures from diffraction structures at different
focus positions to a theoretical model library of diffraction
signatures. The actual diffraction signatures are compared to
the model, and CD values are derived. The CD value thus
obtained is plotted against focus and the results fit to a
parabolic curve. This Bossung plot method, discussed
above, has significant inherent limitations.

U.S. Pat. Nos. 6,429,930 and 6,606,152, by the same
inventors as this application, teach a method of measuring
parameters relating to a lithography device utilizing the
steps of providing a substrate comprising a plurality of
diffraction gratings formed on the substrate by lithographic
process utilizing the lithography device, the diffraction grat-
ings comprising a plurality of spaced elements; measuring a
diffraction signature for at least three of the plurality of
diffraction gratings by means of a radiation source-based
tool; and determining the differences between the diffraction
signatures to determine a desired parameter of said lithog-
raphy device. In this method, the substrate can include a
wafer. The method can further include forming the plurality
of diffraction gratings utilizing the lithography device at
different known focus settings, and determining the two
adjacent focus setting diffraction gratings wherein the dif-
ference between the diffraction signatures is less than the
difference of the diffraction signatures between other adja-
cent focus setting diffraction gratings, whereby the param-
eter is the center of focus of the lithography device. That is,
as best focus is reached, the difference between diffraction
signatures between adjacent focus steps will minimize.

International Patent Application PCT/US02/32394, by the
same inventors as this application, teaches a method of
measuring parameters relating to a lithography device com-
paring a measured diffraction signature from a diffraction
structure to a library of theoretical models; the cross-section
of'the deposited diffraction structure is determined by that of
the model which most closely matches the obtained diffrac-
tion signature. This is repeated for diffraction structures
which were made with varying focus. A wide variety of
parameters, calculated from, for example, CD, sidewall, or
resist thickness, may be substituted for the cross-section;
these parameters may be areas, volumes, or non-geometric.
The ratio of cross-section to the maximum cross-section area
obtained in the focus trend, the numerical difference
between cross-sections for structures with adjacent focus
steps, or the cross-section itself may be plotted versus focus.
In these cases, the center of focus is determined by the point
at which the curve, generally fit to a parabola, has a slope of
zero. In the last case, curve-fitting is not required; center of
focus is at the minimum or maximum value of the cross-
section.
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SUMMARY OF THE INVENTION
(DISCLOSURE OF THE INVENTION)

The present invention is a method of measuring param-
eters relating to a lithography device comprising the steps of
providing a substrate, preferably a semiconductor wafer,
comprising a plurality of fields, each field having been
exposed at a different focus value and comprising a plurality
of diffraction structures formed on the substrate by a litho-
graphic process utilizing the lithography device; measuring
a diffraction signature for each of a plurality of the diffrac-
tion structures in a plurality of fields by means of a radiation
source-based tool; determining for each field the variability
of measured diffraction signatures obtained from the plural-
ity of diffraction structures located within that field; and
comparing the variabilities associated with the fields to
determine a desired parameter of the lithography device. The
diffraction structures may be single period, bi-periodic,
multi-periodic, or non-periodic structures, including grat-
ings.

The radiation source-based tool preferably comprises a
light source-based tool, preferably comprising one or more
incident laser beam sources, an optical system focusing the
laser beams and scanning through some range of incident
angles, and a detector for detecting the resulting diffraction
signature over the resulting measurement angles. The tool
optionally comprises an angle-resolved scatterometer. Alter-
natively, the tool comprises an incident broad spectral light
source, an optical system focusing the light and illuminating
through some range of incident wavelengths, and a detector
for detecting the resulting diffraction signature over the
resulting measurement wavelengths. The tool optionally
comprises an incident light source, components for varying
the amplitude and phase of the S and P polarizations, an
optical system focusing the light and illuminating over some
range of incident phases, and a detector for detecting the
phase of the resulting diffraction signature.

Measuring the diffraction signature according to the
above method optionally comprises phase measurement by
means of either a broad spectral (or, alternatively, single
wavelength) radiation source-based tool source, operating at
a fixed angle, a variable angle of incidence © or a variable
angle of sweep ¢, or alternatively a multiple discrete wave-
length radiation source-based tool source. The diffraction
signature is optionally a reflective, transmissive, specular
order, or higher order diffraction signature, and is optionally
a measurement of general light scatter or diffraction. The
desired parameter is preferably the center of focus, or
optionally dose, and is preferably determined by a value of
the desired parameter associated with the field having a
minimum variability of the diffraction signatures.

The determining step optionally comprises measuring for
each field the range of intensities of the diffraction signatures
obtained from the plurality of measured diffraction struc-
tures located within that field, or alternatively calculating a
statistical measure of the variability, such as the root mean
square error of the diffraction signatures.

Alternatively, the determining step comprises providing a
library of theoretical diffraction signatures generated from
theoretical diffraction structures; determining in the library
a best match theoretical diffraction signature for each mea-
sured diffraction signature; associating a chosen feature of
the best match theoretical diffraction signature with the
measured diffraction signature; and determining for each
field the variability of the chosen feature associated with the
plurality of diffraction structures located within that field.
The chosen feature is preferably CD, or alternatively a
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cross-section area, a cross-section volume, or a product of
two or more features of the theoretical diffraction structure
providing the matching theoretical diffraction signature. The
determining step optionally comprises measuring for each
field the range of the chosen features associated with the
plurality of measured diffraction structures located within
that field, or alternatively comprises calculating a statistical
measure of the variability, such as the standard deviation of
the chosen features.

The method optionally comprises forming the plurality of
diffraction structures at known different focus settings and
known different dose settings and determining the effect of
dose on focus, wherein the plurality of diffraction structures
optionally comprise sets of the same known different focus
setting diffraction structures, the sets varying by different
known dose settings. The diffractions structures of the above
method optionally comprise latent image diffraction struc-
tures, and the substrate optionally has not been subjected to
a development process.

The present invention is further a method of process
control for center of focus in a lithography device, the
method comprising the steps of determining the center of
focus of the lithography device according to the above
method; and adjusting the focus setting of the lithography
device to the determined center of focus, optionally utilizing
a computer-based control system or an autofocus control
system, wherein at least one input to the autofocus control
system comprises a measure relating to a minimum vari-
ability. The variability of measured diffraction signatures
obtained from the plurality of diffraction structures located
within a selected field is preferably measured over time, and
the selected field preferably was previously determined to be
at the center of focus. Preferably, the focus of the lithogra-
phy device is adjusted if the variability exceeds a predeter-
mined control limit.

The present invention is also a method of process control
in a lithography device, the method comprising the steps of
exposing a plurality of diffraction structures in a similarly
positioned and exposed field on a series of wafers with the
lithography device; measuring a diffraction signature for
each of the plurality of diffraction structures in each simi-
larly positioned and exposed field on the series of wafers by
means of a radiation source-based tool; determining for each
wafer the variability of measured diffraction signatures
obtained from the plurality of diffraction structures in the
field; and comparing the variabilities associated with the
wafers to control a desired parameter of the lithography
device. The method preferably comprises the additional step
of'adjusting at least one desired parameter of the lithography
device in response to the compared variabilities associated
with the wafers. The variabilities are preferably compared to
an empirically or theoretically determined variability limit.
The at least one desired parameter preferably comprises
focus or dose. The diffraction structures are preferably single
period, bi-periodic, multi-periodic, or non-periodic struc-
tures, such as gratings. The wafers preferably comprise
semiconductor wafers.

The radiation source-based tool preferably comprises a
light source-based tool, preferably comprising one or more
incident laser beam sources, an optical system focusing the
laser beams and scanning through some range of incident
angles, and a detector for detecting the resulting diffraction
signature over the resulting measurement angles. The tool
optionally comprises an angle-resolved scatterometer. Alter-
natively, the tool comprises an incident broad spectral light
source, an optical system focusing the light and illuminating
through some range of incident wavelengths, and a detector
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for detecting the resulting diffraction signature over the
resulting measurement wavelengths. The tool optionally
comprises an incident light source, components for varying
the amplitude and phase of the S and P polarizations, an
optical system focusing the light and illuminating over some
range of incident phases, and a detector for detecting the
phase of the resulting diffraction signature.

Measuring the diffraction signature according to the
above method optionally comprises phase measurement by
means of either a broad spectral (or, alternatively, single
wavelength) radiation source-based tool source, operating at
a fixed angle, a variable angle of incidence © or a variable
angle of sweep ¢, or alternatively a multiple discrete wave-
length radiation source-based tool source. The diffraction
signature is optionally a reflective, transmissive, specular
order, or higher order diffraction signature, and is optionally
a measurement of general light scatter or diffraction. The
desired parameter is preferably the center of focus, or
optionally dose, and is preferably determined by a value of
the desired parameter associated with the field having a
minimum variability of the diffraction signatures.

The determining step optionally comprises measuring for
each wafer the range of intensities of the diffraction signa-
tures obtained from the plurality of measured diffraction
structures located within that field on that wafer, or alterna-
tively calculating a statistical measure of the variability, such
as the root mean square error of the diffraction signatures.

Alternatively, the determining step comprises providing a
library of theoretical diffraction signatures generated from
theoretical diffraction structures; determining in the library
a best match theoretical diffraction signature for each mea-
sured diffraction signature; associating a chosen feature of
the best match theoretical diffraction signature with the
measured diffraction signature; and determining for each
wafer the variability of the chosen feature associated with
the plurality of diffraction structures located within the field
on that wafer. The chosen feature is preferably CD, or
alternatively a cross-section area, a cross-section volume, or
a product of two or more features of the theoretical diffrac-
tion structure providing the matching theoretical diffraction
signature. The determining step optionally comprises mea-
suring for each wafer the range of the chosen features
associated with the plurality of measured diffraction struc-
tures located within the field on that wafer, or alternatively
comprises calculating a statistical measure of the variability,
such as the standard deviation of the chosen features. The
diffraction structures optionally comprise latent image dif-
fraction structures, and the wafer optionally has not been
subjected to a development process.

A primary object of the present invention is to provide a
method for measuring parameters relating to a lithography
device without the use of optical, SEM or similar micros-
copy metrology tools.

Another object of the present invention is to provide a
method for determining center of focus of a lithography
device by analyzing the best match theoretical diffraction
signatures of a series of fields of different focus diffraction
structures, including but not limited to diffraction gratings,
and utilizing the intra-field variability of the best match
structures to determine center of focus.

Another object of the present invention is to provide a
method for determining or measuring parameters associated
with a lithography device, including center of focus, by
obtaining diffraction signatures of a number of same focus
structures within a number of different focus fields utilizing
either reflective or transmissive diffraction, and determining
the intra-field variance between such diffraction signatures

20

25

30

35

40

45

50

55

60

65

8

or the intra-field variances of a chosen feature derived from
a theoretical model providing a best match theoretical dif-
fraction signature.

Another object of the present invention is to provide a
method for determining or measuring parameters associated
with a lithography device, including center of focus, by
obtaining a diffraction signature utilizing any method to
create a diffraction signature, including but not limited to
reflective or transmissive angle-resolved, variable wave-
length, variable phase, variable polarization state or variable
orientation diffraction, or a combination thereof, of the 07 or
specular diffraction order or any higher orders or any dif-
fracted or scattered light.

Another object of the present invention is to provide a
method for determining or measuring parameters associated
with a lithography device by means of any order of diffrac-
tion signature of different focus fields within a wafer or other
substrate, including the 0% or specular order or any higher
order diffraction, either positive or negative, or any dif-
fracted or scattered light.

A primary advantage of the present invention is that it
permits measuring parameters relating to a lithography
device without the use of optical, SEM or similar micros-
copy metrology tools.

Another advantage of the present invention is that it
provides a method and device that permits obtaining results,
including center of focus, in a lithography device, such as a
stepper, in a shorter period of time and at lower cost than
conventional and known methods.

Other objects, advantages and novel features, and further
scope of applicability of the present invention will be set
forth in part in the detailed description to follow, taken in
conjunction with the accompanying drawings, and in part
will become apparent to those skilled in the art upon
examination of the following, or may be learned by practice
of'the invention. The objects and advantages of the invention
may be realized and attained by means of the instrumen-
talities and combinations particularly pointed out in the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated into
and form a part of the specification, illustrate one or more
embodiments of the present invention and, together with the
description, serve to explain the principles of the invention.
The drawings are only for the purpose of illustrating one or
more preferred embodiments of the invention and are not to
be construed as limiting the invention. In the drawings:

FIG. 1A depicts a wafer with a number of fields exposed
at differing focus values;

FIG. 1B depicts one of the fields of FIG. 1A comprising
a number of diffraction structures;

FIG. 2 is a graph of the standard deviation of the measured
CDs of the diffraction structures for each field;

FIGS. 3A-3E graphically depict the variation in CD for
various fields according to Example 1 of the present inven-
tion;

FIG. 4 is a graph of the standard deviation of all measured
CDs for each field according to Example 1;

FIG. 5 is the graph of FIG. 4 plus a graph of the standard
deviation of a subset of more variable measured CDs for
each field according to Example 1;

FIG. 6 is a graph of the range of all measured CDs for
each field according to Example 1;
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FIG. 7 is a graph illustrating the comparison of diffraction
signatures for fields of different focus according to Example
2 of the present invention; and

FIG. 8 is a graph illustrating process control measure-
ments according to Example 3 of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS (BEST MODES FOR
CARRYING OUT THE INVENTION)

The present invention provides methods and devices for
measuring parameters relating to a lithography device, and
in a preferred embodiment, for determining the center of
focus of a lithography device. Determination of the center of
focus for a fixed dose during the photoresist development
step in wafer processing is critical. Furthermore, dose varia-
tions can compound the difficulty in determining this center.
The lenses that are used in lithography tools have a very
limited depth of focus, so utmost precision is necessary.
Lenses that are in focus will yield sharper printed photoresist
images, and lack of focus will result in misdeveloped
photoresist features, and generally poorer process yields.
Being at the center of focus, or best focus, improves process
repeatability and stability. A method of determining center of
focus is disclosed in this application which utilizes variabil-
ity analysis; in brief, center of focus is determined by
diffracting structure field uniformity. The invention further
includes manufacturing process monitoring based on dif-
fraction signature uniformity.

Before proceeding to further describe the invention, the
following definitions are given.

As used throughout the specification and claims, variabil-
ity or variation means the extent that values of a quantity or
parameter measured from, or calculated for, each of a
desired group of items, including but not limited to diffrac-
tion structures, differ from one another. Variability or varia-
tion is the opposite of uniformity, and the terms may be used
as such. Determining, measuring, calculating, or comparing
variability is therefore synonymous with determining, mea-
suring, calculating or comparing uniformity. As an example,
the term “minimum variability” is synonymous with the
term “maximum uniformity”, and those two terms are used
interchangeably throughout the specification and claims.

A lithography device refers to any device that utilizes an
image, such as a mask, to transfer a pattern to and optionally
into a substrate. This thus includes conventional optical
lithography, such as photoresist lithography, but also
includes other methods of lithography. In photoresist lithog-
raphy, also called photolithography, optical methods are
used to transfer circuit patterns from master images, called
masks or reticles, to wafers. In this process, one or more
specialized materials called resists are coated on the wafers
on which the circuits are to be made. A resist coat is applied
as required, and as required the wafer is further processed,
such as by a softbake. Either positive or negative photoresist
materials may be employed. Positive resists are normally
insoluble in chemicals used as resist developers, but become
soluble by exposure to light. Negative resists are normally
soluble in chemicals used as resist developers, but become
insoluble by exposure to light. By exposing the resist
selectively in some areas but not others, the pattern of the
circuit or other structure is created in the resist film. In
optical lithography, the selective exposure is accomplished
by imaging of a mask, typically by shining light onto the
mask and projecting the transmitted image onto the resist
film.
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The lithography devices referenced in this invention
include steppers and scanners, also known as wafer steppers
or wafer scanners, which are used to project the image of a
circuit or other structure from a photomask onto a resist-
coated wafer. A stepper or scanner typically includes reduc-
tion lens and illuminator, excimer laser light source, wafer
stage, reticle stage, wafer cassettes and an operator work-
station. Steppers and scanners employ both positive and
negative resist methods, and utilize either a step-and-repeat
format or a step-and-scan format, or combination thereof.

There is employed in the practice of this invention a wafer
or other substrate on which is posited a series of diffraction
structures by means of a lithographic device. In its simplest
terms, a diffraction structure is any structure or image made
by lithographic means which generates a spatial variation of
the refractive index relative to an incident illumination. This
change in refractive index can be either due to a physical
difference or a chemical difference. Physical differences
include photoresist or other lithographically generated
changes, such as utilizing a material with one refractive
index coupled with air, such as ordinary scored optical
diffraction gratings, or a material coupled with a different
material. Chemical differences include wafers with photo-
resist exposed diffraction structures, such as gratings, where
the resist has not yet been developed. In this case all of the
resist is still present, but the portions that have been exposed
have a different refractive index than the non-exposed resist
portions, thereby creating a diffraction structure consisting
of periodic variations of refractive index in the resist. The
periodic difference is obtained by the periodicity of struc-
tural or chemical elements. A diffraction structure may have
a single period, may be bi-periodic, or may be multi-
periodic, or may not possess any periodicity, since diffrac-
tion from single features is possible. This thus includes
conventional diffraction gratings consisting of a series of
parallel lines, structures such as a three-dimensional array of
posts or holes, wherein there is periodicity in both in the X
direction and Y direction, and structures without periodicity
in either the X or Y directions. A diffraction structure without
periodicity may be, for example, a single line, a larger single
rectangular structure, or a more complicated real device
structure. Similarly, the aforementioned diffraction struc-
tures may not be “fully periodic” (where the structure is
repeated multiple times (generally 10 or more) under the
illumination beam, but may repeat only a few times (for
example, two or three times). Diffraction structures thus
include photoresist gratings, etched film stack gratings,
metal gratings and other gratings known in the art. A
diffraction grating typically has a line width to space ratio of
between about 1:1 to 1:3, though other ratios may be
employed. A typical diffraction grating, at for example a 1:3
ratio, could have a 100 nm line width and a pitch of 400 nm.
The width and pitch can be significantly smaller, depending
in part on the resolution of the lithographic device.

In the practice of this invention, a diffraction structure is
used to generate a diffraction signature. A diffraction signa-
ture can be generated by any of a number of instruments,
such as scatterometers, ellipsometers or reflectometers,
using optical techniques such as scatterometry, interferom-
etry, polarimetry, reflectometry, spectroscopic ellipsometry
or spectroscopic reflectometry, and using any technique,
such as angular or spectral analysis. Any device employing
radiation to generate a diffraction signature is referred to
herein as a radiation source-based tool. Typically a visible
radiation source-based tool, such as a light source-based
tool, is employed, but the radiation source may be other than
visible radiation, such as an X-ray source. In one embodi-
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ment, the diffraction signature is created by a reflective
mode, wherein the radiation, such as light, is reflected. Thus
a diffraction signature may be generated by means of an
angle-resolved scatterometer, wherein a single known wave-
length source is used, and the incident angle © is varied over
a determined continuous range. The resulting diffraction
signature can be depicted as the intensity of light plotted
against the incident and reflective angle ©. In another
method, a number of laser beam sources are employed,
optionally each at a different incident angle . In yet another
method, an incident broad spectral light source is used, with
the incident light illuminated from some range of wave-
lengths and the incident angle ® optionally held constant.
Variable phase light sources are also known, utilizing a
range of incident phases, with a detector for detecting the
resulting diffracted phase. Variable polarization light sources
are also known, utilizing a range of polarization from the S
to P components or the P to S components. It is also possible
to adjust the incident angle over a range ¢, such that the light
source rotates about the diffraction structure, or alternatively
the diffraction structure is rotated relative to the light source.
Utilizing any of these various devices, and combinations or
permutations thereof] it is possible and known to obtain a
diffraction signature for a given diffraction structure. In
general, the detected light intensity can be plotted against the
at least one variable parameter, such as angle of incidence 0,
wavelength of incident light, phase of incident light, angle of
sweep ¢ or the like. The diffraction signature may represent
the 0% or specular diffraction order, or may represent any
higher diffraction order, or may be a measurement of the
general light diffraction or scatter. It is also possible and
contemplated that a transmissive mode may be employed to
generate a diffraction signature, such as by use of an X-ray
radiation source as a component of the radiation source-
based tool.

In one embodiment of the invention, a theoretical library
of diffraction structures and corresponding theoretical dif-
fraction signatures is generated, and theoretical diffraction
signatures based on the theoretical diffraction structures are
compared to the measured diffraction signature. This may be
done by any number of different methods. In one approach,
an actual library of theoretical output signals are generated
based on assigned parameters for variable features. This
library may be generated prior to actual measurement of a
diffraction signature or may be generated in a process of
matching the measured diffraction signature to a theoretical
diffraction signature. Thus as used herein a theoretical
library includes both a library generated independent of the
measured diffraction signature and a library generated based
on a theoretical “best guess” of the geometry of the mea-
sured structure and calculation of the resulting theoretical
diffraction signature, with iterative comparison to changed
features to determine a best match. The theoretical library of
diffraction signatures may also be generated empirically,
such as by a collection of diffraction signatures of diffraction
structures with dimensions measured by an alternative
means. The library may optionally be pruned by removing
signals that may be accurately represented via interpolation
from other signals in the reference set. An index of the
library can similarly be generated by correlating each sig-
nature with one or more indexing functions and then order-
ing the index based on the magnitude of the correlation.
Construction or generation of libraries of this type, and
methods for optimization thereof, are well known in the art.
In one approach, a rigorous, theoretical model based on
Maxwell’s equations is employed to calculate a predicted
optical signal characteristic of the diffraction structure, such
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as the diffraction signature, as a function of diffraction
structure parameters. In this process, a set of trial values of
the diffraction structure parameters is selected. Then, based
on these values a computer-representable model of the
diffraction structure, including its optical materials and
geometry, is constructed. The electromagnetic interaction
between the diffraction structure and illuminating radiation
is numerically simulated to calculate a predicted diffraction
signature. Any of a variety of fitting optimization algorithms
may be employed to adjust the diffraction structure param-
eter values, with the process iteratively repeated to minimize
discrepancy between the measured and predicted diffraction
signature, thereby obtaining the best match. U.S. Published
patent application No. US 2002/0046008 discloses one
database method for structure identification, while U.S.
Published patent application No. US 2002/0038196 dis-
closes another method. Similarly, U.S. Published patent
application No. US 2002/0135783 discloses a variety of
theoretical library approaches, as does U.S. Published patent
application No. US 2002/0038196. Grating or diffraction
structure features that may be utilized in a theoretical library
include any feature that may be modeled, including factors
such as:

CDs at the bottom and/or top of the structure

Height or thickness, such as height or thickness of a line,

post or other structure

Total height of the region defined by a diffraction signa-

ture

Shape of a structure, such as rectangular, trapezoidal,

triangular, round or other geometric shapes

Radius of curvatures at the bottom and/or top of a

structure or region

Sidewall

Period of a grating

Line or other structure width

Materials parameters of the structure, including param-

eters of various layers thereof

Materials parameters of the substrate on which a structure

is posited, such as film thickness and index of refraction
of films underneath the structure

Various weighted or average values, such as CD at a

specified location, values weighted by relative contri-
butions of the structure and substrates, or the like

Underlying thin film thickness and optical properties of
the materials generally will not result in substantial variation
in the theoretical library models across focus. However,
depending on the choice of scatterometer, configuration and
theoretical model, changes in focus may result in changes in
these properties. It may thus readily be seen that the theo-
retical library may incorporate thin film thickness and opti-
cal constants in the determined cross-section. This may be as
simple as adding the thin film thickness cross-section over
an equivalent periodicity to the grating cross-section area, or
may be more complicated, such as weighting the contribu-
tion of the grating and thin film cross-section areas by the
material optical n & k constants. The theoretical model may
also take into account underlying films and patterns.

In one embodiment of the invention, a cross-section of the
theoretical diffraction structure that has the best match
theoretical diffraction signature compared to the measured
diffraction signature is calculated. A cross-section is, within
the meaning of this invention, the product of at least two
diffraction structure features of the best match structure. In
one embodiment, the cross-section is a cross-section area,
such as the product of CD and height. In another embodi-
ment, the cross-section is a cross-section volume, such as the
product of CD, height and shape of a structure. However, as
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used herein the cross-section need not be a geometrically
defined shape; that is, the cross-section can be the product of
any two or more diffraction structure features, including but
not limited to those listed above. In one embodiment, the
cross-section includes CD and at least one additional dif-
fraction structure feature. As used herein, a product of at
least two diffraction structure features, is any mathematical
operation or manipulation of the at least two features,
including but not limited to a mathematical operation includ-
ing multiplication, and optionally at least one second math-
ematical operation.

A wide variety of theoretical model profiles can be used
to determine the cross-section area. For example, the cross-
section grating area for a rectangular grating is defined by
the formula:

Cross-Section Area=H-W (€8]
where H is the grating height and W is the grating width. To
improve the accuracy in determining center of stepper focus,
more detailed theoretical models may be used. One such
model is a trapezoid, which adds the dimension of sidewall
angle. The equation to determine the cross-section of the
trapezoidal grating is

Cross-Section Area=H-(W-H/tan 4) 2)
where H is the grating height, W is the width at the bottom
of the grating, and A is the sidewall angle of the trapezoid.
Other, more complex shapes such as a trapezoid with
rounded edges, gaussian or sigmoidal profile, or other cus-
tom profile designated by the user, may also be used to
generate the theoretical model. With more complex shapes
more complex equations are needed to express the grating
shape in terms of cross-section area.

Three-dimensional structures may also be analyzed in a
similar method. For three-dimensional structures one mea-
sure of the cross-section is a cross-section volume. For
example, a simple contact hole model assuming a perfect
circle profile in X-axis and Y-axis and a constant sidewall at
90 degrees along the Z-axis may have its cross-section
calculated as a cylinder, thereby yielding a cross-section
volume.

It may further be seen that entirely non-geometric cross-
sections may be employed. Thus, the cross-section may be
the product of one feature, such as CD, and one or more
additional features, such as for example materials param-
eters, weighted or average values, angular measures, optical
properties, curvatures, or the like. The resulting products
may be employed in similar fashion to cross-section areas or
volumes.

The best match or match of the cross-section of a theo-
retical diffraction signature to the measured diffraction sig-
nature can be calculated by any means known in the art. In
one embodiment, it can include a match of the measured
diffraction signature to discrete and existing theoretical
diffraction signatures contained in an existing library, such
as through use of various matching algorithms, whereby
utilizing defined constraints a best match is selected. In
another embodiment, a best match can include library inter-
polations to obtain a theoretical diffraction signature, even
though such theoretical diffraction signature may not exist
prior to interpolation. It can further include averaging and
related models to report a theoretical diffraction signature
based on sampling of theoretical diffraction signatures con-
tained in a library. Thus any method or technique of iden-
tifying or matching a reported diffraction signature to a
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theoretical diffraction signature, however obtained, may be
employed herein to determine a match or best match.

The diffraction structures are typically created in a resist
material by preparing masks with opaque and transparent
areas corresponding to the desired shape, size and configu-
ration of the desired diffraction structure. A source of
radiation is then applied on one side of the mask, thereby
projecting the mask shape and spaces onto the resist layer,
the resist layer being on the opposite side of the mask. One
or more lens or other optical systems may be interposed
between the mask and the resist layer, and also optionally
between the radiation source and the mask. When exposed
to radiation or energized at sufficient levels to effect a change
in the resist, a latent image is formed in the resist. The latent
images, representing a chemical change in the resist mate-
rial, result in changes in reflectivity of the resist layer, and
thus may be employed to generate a diffraction signature as
set forth above. In one embodiment, the wafer with latent
images in the resist may be subjected to a post-exposure
bake, used to drive additional chemical reactions or to
diffuse components within the resist layer. In yet another
embodiment, the resist may be developed by a development
process, optionally a chemical development process,
whereby a portion of the resist is removed, the portion
determined by whether a positive resist or negative resist
was employed. The development process is also referred to
as an etching process, resulting in etched areas or spaces of
the resist layer, and optionally the substrate material, such as
other films, on which such resist layer is posited.

In the methods and devices of this invention, the diffrac-
tion structure may be exposed but not developed, or may
alternatively be developed. Similarly, while the foregoing
generally describes a conventional method of generating a
diffraction structure, any method may be employed, includ-
ing use of phase shift masks, any of a variety of sources of
radiation, including electron beam exposure, and the like.

Focus is a critical parameter in any lithography device,
including a stepper or similar lithography device. Focus and
depth-of-focus are functions of dose, or quanta of radiation
energy, and focus, or distance from the lens to the target. The
resulting imaging must be good for all points within a given
exposure field, thereby resulting in a definable usable depth-
of-focus. However, factors other than dose and focus affect
the focus and depth-of-focus, including astigmatism, field
curvature, lens quality, orientation of the wafer stage in the
X- and Y-axes, and the like. Typical production wafer
steppers have a resolution of from about 0.15 to about 1.25
microns, and a usable depth-of-focus of from about 0.40 to
about 1.50 microns.

Determination of the center of focus for a fixed dose is
thus critical in efficient operation of a lithography device,
such as for a stepper during the photoresist exposure step in
wafer processing. Dose variations compound the difficulty
in determining this center. The lenses that are used in
steppers and other lithographic devices have a very limited
depth of focus, so utmost precision is necessary. Lenses that
are in focus will yield sharply printed photoresist images,
and lack of focus will result in non-functional photoresist
features. Being at the center of focus also significantly
improves process repeatability. Once the center of focus is
known and determined, any of a variety of different auto-
focus systems or schemes may be employed for determining
that the separation between the lens and the wafer is held
constant. These systems include optical methods, such as
employing reflected light, capacitance methods and pressure
sensor methods, such as employing pressurized air. How-
ever, these systems and schemes are incapable of determin-
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ing center of focus, but simply maintain the lens-to-wafer
distance at a constant. In typical operations, the center of
focus must be determined periodically, as often every six
hours or less of operation of a lithography device.

Lens aberrations and distortions increase as one moves
from the center of the lens outward to the edges. These
aberrations and distortions become more prominent the
further the optical system is from focus in either the positive
or negative direction. Thus multiple diffraction structures
distributed across the entire field of a lens which are shot at
an identical focus value which is out of focus, will exhibit
a greater variability than those shot in focus.

In a preferred embodiment, as shown in FIG. 1A, a series
of spaced fields 20 is exposed or printed through focus,
preferably by lithographic means using a wafer stepper at a
fixed dose across a wafer or other substrate 10. Each field 20
is preferably exposed with a different focus value; the
resulting series of focus values preferably includes the
center of focus. In the example of FIG. 1A, the amount that
the focus deviates from the zero focus position is denoted by
the number displayed on each field 20. The initial zero focus
position is arbitrarily chosen, or optionally is chosen to
correspond to a physical dimension, such as the position of
the top of the resist. Since best focus usually occurs when
focusing some distance into the resist, the actual point of
best focus, or center of focus, will most likely not corre-
spond with the initial zero focus position. The actual dis-
played numbers are not to be construed as limiting. The
focus may vary by an amount greater than +0.4 microns or
less than —0.4 microns. The order of the numbers, i.e. which
field is shot at which focus deviation, may similarly differ
from that depicted in FIG. 1A.

Each field preferably consists of a plurality of spaced
diffraction structures 30, 30' for example diffraction grat-
ings, preferably distributed around each field. FIG. 1B
depicts a field having twenty-five diffraction structures 30,
30' equally spaced in a 5x5 array; however, any number of
structures may be employed, and their spacing does not have
to be even across field 20. Optionally, the field may consist
of one large grating where measurements as discussed below
are made at several points within the large grating, or a
combination of the two where there are several large grat-
ings in the field where each large grating is sampled at
various points within the grating. Diffraction structures 30,
30' consist of repeating or periodic structures or non-peri-
odic features capable of diffracting radiation, and may either
be two-dimensional, such as a conventional diffraction grat-
ing with lines and spaces, or three-dimensional, such as
holes, posts or more complex structures. Preferably diffrac-
tion structures 30, 30' are artificial structures specifically
used for the purposes of the present invention; however, it is
possible that they actually comprise real structures which are
being manufactured on each die on the wafer. Using a
radiation source-based tool capable of scatterometric mea-
surements, each diffraction structure 30, 30', or a determined
sample thereof, is measured to obtain a diffraction signature
at a fixed dose.

In a preferred embodiment, each diffraction signature is
compared to a theoretical library of diffraction signatures,
each with known features. A best match is found between
each experimental diffraction signature and a theoretical
diffraction signature, and a chosen feature associated with
the best match theoretical model is assigned to each diffrac-
tion structure 30, 30'. The chosen feature may comprise a
single feature, such as CD (measured, for example, in
nanometers), or a combination of features to form a cross-
section (as defined above). The chosen feature will be
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different for each diffraction structure 30, 30'. Preferably the
1-sigma standard deviation of the chosen features for dif-
fraction structures 30, 30' within each field 20 is then
calculated. A uniformity metric other than 1-sigma standard
deviation may optionally be employed, including but not
limited to the overall range (maximum minus minimum) of
the chosen feature for each field, or other statistical or
mathematical method for expressing variation.

The theoretical library, used to determine the cross-
section, may employ a model with a simple shape such as a
rectangle, or may employ more complex shapes such as a
trapezoid, trapezoid with rounded edges, gaussian or sig-
moidal profile or other custom profile designated by the user.
The theoretical library may also take into account underly-
ing films and patterns. The theoretically generated diffrac-
tion signatures, which have known features, are matched to
the experimental data to obtain the theoretically predicted
process features. More complex models can incorporate the
optical properties of the diffraction structure, such as optical
n and k values, as well as underlying film thicknesses, to
make the focus metric a summation of the optical path.

The standard deviation of the chosen feature (or diffrac-
tion signature variability) for each field 20 is then plotted
versus the relative focus of each field 20, as shown in FIG.
2. Although the chosen feature is in this case CD, any feature
or combination of features may be chosen. The focus setting
of the field having the minimum standard deviation of the
chosen feature, i.e. the lowest variability (or maximum
uniformity) of diffraction structures 30, 30', defines best
focus, or center of focus. Optionally, a parabolic curve may
be fit to the data plotted in FIG. 2, and the center of focus
is determined by the minimum of the parabola, where the
slope of the curve is zero. In that case, it is understood that
various statistical or mathematical techniques can be used to
interpolate between measured focus points to give a more
precise measurement of center of focus. These methods are
known in the art, and may be conventionally employed.

As shown in FIG. 2, the field at the center of focus, in this
case at —0.1 microns, may not be the same as the field which
was arbitrarily taken to be at the zero focus position (0.0)
when fields 20 were exposed. For the purposes of focus
adjustment, process control, or the like, the zero focus point
of the lithography tool may be reset to the value correspond-
ing to the center of focus as determined by the methods of
the present invention.

A second preferred embodiment of the present invention
does not require the use of a theoretical library or a chosen
parameter. In this embodiment, the variation or uniformity
of the diffraction signatures obtained from all diffraction
structures (or optionally a subset thereof) within a field is
determined. The variability may be ascertained by visually
comparing these diffraction signatures; however, this
method requires operator judgment and is not directly quan-
tifiable, and is also comparatively slow. Accordingly, any of
avariety of metrics or methods of analysis may be employed
to measuring the variability of these diffraction signatures.
Such methods include, but are not limited to, statistical
methods such as mean square error (MSE) or root mean
square error (RMSE), and other Euclidean distance mea-
sures. Such methods also include averaging, weighted aver-
aging, sum of averages and other methods to characterize the
difference in diffraction signatures. For example, the larger
the RMSE differences between the signatures within a field,
the larger the variability, and the further from the center of
focus. Alternatively, the overall or peak to peak range of the
signature intensities may be used as the measure of vari-
ability.
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The effect of dose on the center of focus may be analyzed
in a similar means. A series of diffracting structures, such as
diffracting structures 30, 30', are preferably generated over
a determined different focus range encompassing the center
of focus, with the dose varied in stepwise fashion from
structure to structure. The result is a series of diffracting
structures each at a different and known dose. A series of
diffraction signatures are then obtained for each diffracting
structure, by means of a radiation source-based tool as set
forth above. The resulting series of diffraction signatures can
be analyzed as above, such as by diffraction signature
difference analysis. The resulting center of focus can be
plotted against dose, thereby yielding the effect of dose on
the center of focus. By this means the dose setting or settings
with the most robust focus curves can be ascertained, such
that a dose setting with a minimum impact on the focus
curve or depth-of-focus can be selected.

Global wafer non-uniformities such as stage tilt, lens
aberrations, astigmatism, or the like will increase the vari-
ability of diffraction structures distributed across a wafer.
However, in the present invention the field that is at the
center of focus will still exhibit the minimum variability of
diffraction structures within that field when compared with
the variability of the diffraction structures in the other fields.
Thus the methods of the present invention to find center of
focus are still valid despite such global non-uniformities.

These techniques are applicable to metrology tools that
have a radiation-based source that can be reflected off of or
transmitted through a diffraction structure, and the radiation
captured by a detector. In other words, any tool capable of
diffraction-based scatterometry measurements can be used
in this technique, including but not limited to tools using
scatterometry, reflectometry, ellipsometry, or polarimetry.
Angular or angle-resolved tools and/or spectral or wave-
length-resolved tools may be employed. Additional tools
include any tool that can create a response as a function of
a tool parameter or combination of tool parameters that
result in a diffraction signature. Candidates for diffracting
structures suitable for these techniques include but are not
limited to photoresist gratings, etched film stack gratings
and metal gratings.

This technique can also be used to monitor focus and/or
dose and/or layer thickness drifts in a production setting.
While monitoring the chosen parameter or variation in
diffraction signatures of diffraction structures 30, 30', if the
calculated standard deviation exceeds a certain value, the
process may be checked for drift. Changes in variation
indicate a process shift that should be investigated. In
addition, as a general process metrology metric, measuring
the structures across an entire wafer and calculating the
difference in diffraction signatures can also be used as a
model-less approach to wafer uniformity. Low variations in
diffraction signatures indicate good process uniformity,
while high variations in diffraction signatures indicate poor
process uniformity. This applies to many process steps and
wafer types, such as the litho, etch, and metals steps in
semiconductor manufacturing.

In use of these methods, it may be necessary to utilize
various filters and/or related mathematical models to remove
outliers that may adversely affect the focus analysis. One
such filter is the use of goodness of fit metric of the
theoretical diffraction signature to the experimental diffrac-
tion signature. Matches with poor goodness of fits may be
thrown out of the analysis.

The methods of this invention will find primary applica-
tion with the photoresist processing step, as determination of
best focus is of utmost importance for this step. However,
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the methods of this invention can also be applied further
down the processing line, to determine the “best focus”
setting for etched film stacks and metal gratings, or for the
“best etch” conditions associated with the etch process.

The methods and devices of this invention may also be
used for quality control testing, including analysis of the
center of focus determined by other means. This may be
done in conjunction with an angle-resolved scatterometer,
described above, including its associated computer system,
or with other suitable devices capable of making the
described measurements.

By means of employing an angle-resolved scatterometer
on a periodic structure, the diffraction signature is separated
into distinct diffraction orders at angular locations specified
by the grating equation:

sin ©;+sin ©,=n)Nd 3)
where O, is the angle of incidence, taken as negative, ©,, is
the angular location of the nth diffraction order, A is the
wavelength of incident light and d is the spatial period or
pitch of the diffraction structure. It can thus be seen that for
the 07 or specular diffraction order, the angle of incidence is
equal to the angular location of the specular diffraction
order. However, diffraction orders other than the specular, or
general light scatter or diffraction, may be employed, and the
appropriate angular location determined as set forth above.
Similar relationships govern other modes of generating
diffraction signatures, so that with any mode of generating
a diffraction signature either the specular diffraction order or
some higher diffraction order or general light scatter or
diffraction may be employed. For example, in a wavelength
resolve device, the angle ®, may be held constant and the
wavelength A varied, and the equation solved for ®,, at a
given n.

The methods and devices of this invention may also be
used for determination of the center of focus, whereby the
center of focus is adjusted by any suitable means, including
use of computer-based control systems, and the methods of
this invention used to determine when an acceptable or
optimal focus has been determined. The adjustment may be
done by dose variations, or by other means known in the art.
The invention may be further used for automatic or auto-
mated determination and adjustment of the center of focus,
utilizing an autofocus control system, wherein at least one
input to the autofocus control system includes a parameter
relating to the variability of the selected uniformity metric.
Thus the present invention may be used for process control
of focus.

Thus in one embodiment, the invention provides a dif-
fraction signature measurement device and a controller
computer. The controller computer may receive signals from
the measurement device, and may determine one or more
parameters of a process step, such as focus or dose, as a
function of intra-field variability of a plurality of different
parameter fields. Determining variability may include direct
measures of variability, such as variability in diffraction
signatures, as well as variability between a dimension or
cross-section of theoretical models of best fit theoretical
diffraction signatures. The controller computer may further
also receive and optimally output signals to a lithography
device, such as controlling a parameter of a process step.

The invention may thus provide for feedforward and
feedback control techniques to alter a parameter of a process
step. For example, where intra-field variability is outside
theoretical or empirically set limits, a parameter of a process
step may be altered based on predicted parameters so the
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process falls within the desired limits. Thereafter, the intra-
field variability is determined for one or more fields wherein
the parameter of the process step were altered, with com-
parison to theoretical or empirically set limits. The intra-
field variability may be of all, or a subset of, the diffraction
structures located in the field or fields of interest.

The diffraction signature measurement device can be
employed utilizing a latent image, thereby obviating the
need for further wafer processing steps for wafers outside
determined acceptable limits. The methods of the invention
may further be employed at multiple steps within the wafer
processing procedure, such as after exposure, after devel-
opment, after bake or, in general, after any wafer processing
procedure, in order to ascertain the effect of such procedure
on “apparent” focus. An increase in intra-field variability in
downstream processing procedures indicates that such pro-
cessing step has had a deleterious effect on CD, such that the
variability is indicative of a change similar to a focus
change. While such changes are not directly related to the
actual focus setting, such change nonetheless provides a
metric that may be employed to monitor subsequent pro-
cessing steps for an increase in intra-field variability related
to degradation of the target. Thus the method may further be
employed throughout wafer processing.

EXAMPLE 1

According to the present invention, five fields are exposed
at different focus values, taken through focus from -0.2
microns to +0.2 microns in 0.1 micron increments. Each
field contains a 5x5 array of equally spaced diffraction
structures, similar to that depicted in FIG. 1B. FIGS. 3A-3E
graphically display the CDs of the diffraction structures in
each field. FIG. 4 is a graph of the 1-sigma standard
deviation of the CDs of all 25 diffraction structures in each
field. As above, best focus is achieved for the —0.1 micron
focus setting.

For real time focus monitoring and process control, it is
important to be able to correct for focus drift before it
becomes too large. Thus it is advantageous to monitor the
CD or other chosen feature of a subset of the diffraction
structures which exhibit a larger variation in the chosen
feature than the variation of all 25 diffraction structures in
each field. For example, chosen features of diffraction
structures located in the corners of a field may vary more
greatly versus focus than those for structures located in the
center of the field. FIG. 5 plots the 1-sigma standard
deviation both for all 25 diffraction structures in each field
(i.e. the same data as plotted in FIG. 4) and for only the
diffraction structures located in column 5 of the 5x5 array in
each field. Because the slope is much greater for the subset
of five structures than for all 25 structures, the minimum is
more easily determined. In addition, by monitoring the
chosen feature of only this subset of diffraction structures,
focus drift will be detectable more quickly than if all 25
structures were being monitored due to the steeper slope of
the curve. This method may also be used to more accurately
determine center of focus in the case that the variation vs.
focus curve derived from all diffraction structures in each
field is close to being flat, with no clear minimum.

FIG. 6 is a graph of the same data as presented in FIG. 4,
but instead of graphing the standard deviation of all 25 CDs
in each field, the range (maximum minus minimum, in
nanometers) of the 25 CD values is plotted. It can be seen
that both data sets provide the same result, that the center of
focus occurs at the —0.1 micron focus position.
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EXAMPLE 2

According to the second preferred embodiment discussed
above, FIG. 7 depicts the diffraction signatures arising from
five spaced diffraction structures within each of three fields
shot at different focus values. In this example it is easily
determined by inspection that the variation in signatures is
minimum for the field shot at the 0.0 micron focus point. The
graph in FIG. 7 plots the range, or spread, of the signature
intensities for each field. As expected, the minimum value is
for the field shot at 0.0 focus, which field is at best focus.
This method may be substituted for the embodiment
described above for all purposes, including those of process
control and focus drift monitoring.

EXAMPLE 3

A typical process control application involves monitoring
the variation over time of the chosen feature as multiple
wafers printed with the same mask and using the same
process are manufactured. FIG. 8 depicts variation of the
chosen feature (in this case, variation of CD measured as the
3-sigma of measurements, preferably across the illumination
field previously determined according to the methods of the
present invention to be at center of focus) measured at one
hour intervals. Because the same diffraction structures in the
same field are measured for each wafer, and each wafer is
printed with the same mask and process, the variability
should be the same for each wafer. However, the focus of the
lithography tool may drift with time, which leads to higher
CD variation, as shown in FIG. 8. Based on prior knowledge
an acceptable amount of variation for process control might
be 2.4 nm. Hence, a control limit of 2.4 nm is shown in FIG.
8 with a dashed line. Variation within the control limit
ordinarily requires little if any scrutiny. If the variation
exceeds the control limit and is deemed to be a problem, a
focus correction may be applied. In the data of this example,
process corrections are applied following the measurement
of data at hours 13 and 21. In both cases the CD variation
as determined from the next measurements is reduced to
well below the control limit.

In this example no process correction was applied when
the variation data first exceeded the control limit. This is to
avoid over-correcting a problem that might not exist, due to,
for example, a purely random fluctuation outside the control
limit. The exact rules for control vary from process to
process, but the concept of using cross-field variation for
controlling focus is the same.

Similar examples can be derived for applications accord-
ing to the method of present invention for which focus is
determined by comparing variation of diffraction signatures
taken from all, or a subset of, diffraction structures located
across the field. In the case where the variation exceeds
some pre-determined signature variation (for example
expressed in units of mean square error), a correction would
preferably be applied.

The method of this example may be employed for feed-
forward and feedback control techniques to alter a parameter
of a process step. For example, where intra-field variability
is outside theoretical or empirically set limits, a parameter of
a process step may be altered based on predicted parameters
so the process falls within the desired limits. This process
may be automated, and may employ a computer-based
control system which collects diffraction signatures, per-
forms a signature variation analysis of diffraction structures
in the field, and implements a change in one or more desired
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parameters of the lithography device, such as for example
dose or focus, based on the variation analysis.

Although the invention has been described in detail with
particular reference to these preferred embodiments, other
embodiments can achieve the same results. Variations and
modifications of the present invention will be obvious to
those skilled in the art and it is intended to cover in the
appended claims all such modifications and equivalents. The
entire disclosures of all references, applications, patents, and
publications cited above are hereby incorporated by refer-
ence.

What is claimed is:

1. A method of measuring parameters relating to a lithog-
raphy device, the method comprising the steps of:

providing a substrate comprising a plurality of fields, each

field having been exposed at a different focus value and
comprising a plurality of diffraction structures formed
on the substrate by a lithographic process utilizing the
lithography device;

measuring a diffraction signature for each of a plurality of

the diffraction structures in a plurality of fields by
means of a radiation source-based tool;
determining for each field the variability of measured
diffraction signatures obtained from the plurality of
diffraction structures located within that field; and

comparing the variabilities associated with the fields to
determine a desired parameter of the lithography
device.

2. The method of claim 1 wherein the substrate comprises
a semiconductor wafer.

3. The method of claim 1, wherein measuring a diffraction
signature comprises phase measurement by means of a
broad spectral radiation source-based tool source, operating
at a fixed angle, a variable angle of incidence © or a variable
angle of sweep ¢.

4. The method of claim 1, wherein measuring a diffraction
signature comprises phase measurement by means of a
single wavelength radiation source-based tool source, oper-
ating at a fixed angle, a variable angle of incidence ® or a
variable angle of sweep ¢.

5. The method of claim 1, wherein measuring a diffraction
signature comprises phase measurement by means of a
multiple discrete wavelength radiation source-based tool
source.

6. The method of claim 1, wherein the diffraction signa-
ture is a reflective diffraction signature.

7. The method of claim 1, wherein the diffraction signa-
ture is a transmissive diffraction signature.

8. The method of claim 1, wherein the diffraction signa-
ture is a specular order diffraction signature.

9. The method of claim 1, wherein the diffraction signa-
ture is a higher order diffraction signature.

10. The method of claim 1, wherein the diffraction sig-
nature is a measurement of general light scatter or diffrac-
tion.

11. The method of claim 1, wherein the desired parameter
is dose.

12. The method of claim 1, wherein a value of the desired
parameter of the lithography device is determined by a value
of the desired parameter associated with the field having a
minimum variability of the diffraction signatures.

13. The method of claim 1, wherein the determining step
comprises measuring for each field the range of intensities of
the diffraction signatures obtained from the plurality of
measured diffraction structures located within that field.

14. The method of claim 1, wherein the determining step
comprises calculating a statistical measure of the variability.
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15. The method of claim 1, wherein the radiation source-
based tool comprises a light source-based tool.

16. The method of claim 15, wherein the light source-
based tool comprises an incident laser beam source, an
optical system focusing the laser beam and scanning through
some range of incident angles, and a detector for detecting
the resulting diffraction signature over the resulting mea-
surement angles.

17. The method of claim 16, wherein the light source-
based tool comprises an angle-resolved scatterometer.

18. The method of claim 15, wherein the light source-
based tool comprises a plurality of laser beam sources.

19. The method of claim 15, wherein the light source-
based tool comprises an incident broad spectral light source,
an optical system focusing the light and illuminating through
some range of incident wavelengths, and a detector for
detecting the resulting diffraction signature over the result-
ing measurement wavelengths.

20. The method of claim 15, wherein the light source-
based tool comprises an incident light source, components
for varying the amplitude and phase of the S and P polar-
izations, an optical system focusing the light and illuminat-
ing over some range of incident phases, and a detector for
detecting the phase of the resulting diffraction signature.

21. The method of claim 1, the method further comprising
forming the plurality of diffraction structures at known
different focus settings and known different dose settings
and determining the effect of dose on focus.

22. The method of claim 21, wherein the plurality of
diffraction structures comprise sets of the same known
different focus setting diffraction structures, the sets varying
by different known dose settings.

23. The method of claim 1, wherein the desired parameter
is center of focus.

24. A method of process control for center of focus in a
lithography device, the method comprising the steps of:

determining the center of focus of the lithography device

according to the method of claim 23; and

adjusting the focus setting of the lithography device to the

determined center of focus.
25. The method of claim 24, wherein the adjusting step
comprises utilizing a computer-based control system.
26. The method of claim 24, wherein the adjusting step
comprises an autofocus control system, wherein at least one
input to the autofocus control system comprises a measure
relating to a minimum variability.
27. The method of claim 1, wherein the determining step
comprises
providing a library of theoretical diffraction signatures
generated from theoretical diffraction structures;

determining in the library a best match theoretical dif-
fraction signature for each measured diffraction signa-
ture;

associating a chosen feature of the best match theoretical

diffraction signature with the measured diffraction sig-
nature; and

determining for each field the variability of the chosen

feature associated with the plurality of diffraction struc-
tures located within that field.

28. The method of claim 27, wherein the chosen feature
is critical dimension (CD).

29. The method of claim 27, wherein the chosen feature
is a cross-section area.



US 7,119,893 B2

23

30. The method of claim 27, wherein the chosen feature
is a cross-section volume.

31. The method of claim 27, wherein the chosen feature
is a product of two or more features of the theoretical
diffraction structure providing the matching theoretical dif-
fraction signature.

32. The method of claim 27, wherein the determining step
comprises measuring for each field the range of the chosen

24

features associated with the plurality of measured diffraction
structures located within that field.
33. The method of claim 27, wherein the determining step
comprises calculating a statistical measure of the variability.
34. The method of claim 33, wherein the statistical
measure is a standard deviation of the chosen features.



