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SYSTEM FOR MEASURING A SAMPLE WITH A LAYER
CONTAINING A PERIODIC DIFFRACTING STRUCTURE

BACKGROUND OF THE INVENTION

[0001] This invention relates, in general, to optical sample measurement systems, and
in particular, to a system for measuring a sample with a layer containing a periodic

diffracting structure.

[0002] In semiconductor wafer processing, or similar applications, one frequently
encounters the measurements of the dimensions and/or profiles of structures etched in
thin films, such as contact holes etched in a resist film or in a dielectric layer. The
conventional method for measuring the dimensions and/or profiles of the structures is
by means of a spectroscopic scatterometry or spectroscopic critical dimension
measurements (SCD). In the current SCD method, the spectrum of specular
reflectance of a wide band light beam is used to measure parameters, such as height,
width or diameter (also known as critical dimension), and wall angle of an array of
contact holes or lines etched in the film. To perform the measurements, the
reflectance spectra are calculated using a model of the structure, as a function of the
model parameters. An algorithm is then used to find the best values of the model
parameters that fit the spectra. If there are multiple model parameters that need to be
accounted for in the model of the structure, the calculation of the spectra is time-
_ consuming, and becomes impractical to complete in real time (Such as in a few

seconds).

[0003] To avoid this problem, in a variant of the current method, a neighboring area
of the film or layer on the wafer not containing the structures is measured
independently to obtain the thickness information. Assuming that the film or layer of
the neighboring area and the film or layer with the structures of interest (e.g. contact
holes) have the same film index and thickness characteristics, such thickness value
may be subsequently used in the construction of the structure model, thereby reducing
the number of model parameters. This results in reducing modeling complexity and

calculation time.
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[0004] The above-described conventional methods are disadvantageous for a number
of reasons. First, simplifying the modeling by first performing independent and
separate measurements of a neighboring area may not always be possible, since such
neighboring areas may not be always available. Even if such area is available, the
film thickness in such area may be substantially different from the thickness or height
of the etched film structure of interest. If no separate measurements are performed on
a neighboring area, and as noted, the calculation may take too much time for
applications where the calculations must be preformed in real time. It is therefore
desirable to provide an improved system whereby the above-described shortcomings

are overcome.

SUMMARY OF THE INVENTION

[0005] This invention is based on the recognition that, to simplify the construction of
structure models, film thickness information on the same area of the wafer that
contains the target diffracting structures may be obtained to facilitate the derivation of
parameters pertaining to the diffracting structures using a structure model of the target
structures. The value of the film thickness may then be used in the construction or
application of the structure model of the target structure to reduce the number of
model parameters and to simplify the calculation of the signal spectra. In one
embodiment, the film thickness may be obtained from the same diffraction data that is
used to derive the parameters pertaining to the diffracting structures, so that a single
measurement suffices in obtaining data sufficient for the process where the film
thickness is first obtained from the data, and then the parameters pertaining to the
diffracting structures are derived from the same data. In an alternative embodiment,
film thickness measurements on the same area of the wafer that contains the target
diffracting structures may be first performed, and the film thickness may be found
using a film model. Then, a separate measurement on the diffracting structures is
performed to obtain data from which parameters pertaining to the diffracting

structures are derived.

[0006] Preferably, the film model used in the process for obtaining film thickness
does not vary or parameterize any quantity related to the diffracting structure, such as

pitch, critical dimension, side wall angle or other profile related parameters.
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Preferably, the diffracting structure is illuminated by means of radiation of a plurality
of wavelengths (e.g. wavelengths in the range of 230 to 850 nanometers). The
diffraction of the beam is detected preferably at a plurality of wavelengths and one or
more parameters related to the diffracting structure is then determined using the
thickness value found and the diffraction detected. The above described system is
particularly useful for measuring certain types of structures in the film, using radiation
detected within certain regions in the signal spectra. The diffraction may be detected
using any suitable instrument, such as a spectroscopic scatterometer, reflectometer,

ellipsometer or polarimeter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Fig. 1A is a perspective view of a portion of a semiconductor wafer having a
layer with a two-dimensional array of contact holes therein, useful for illustrating the

invention.

[0008] Fig. 1B is a cross-section view of a portion of the wafer and layer of Fig. 1A
along the line 1B-1B in Fig. 1A.

[0009] Fig. 2 is a schematic view of a spectroscopic scatterometer/reflectometer to

illustrate an embodiment of the invention.

[0010] Figs. 3A, 3B, and 3C are graphical plots of the reflectivities of the S-
polarization components measured in three independent measurements of radiation
that is scattered by three corresponding different layers measured independently of
one another. Each layer has a two-dimensional array of contact holes therein, where
the holes in the three layers have different diameters and are spaced at different
pitches, useful for illustrating the invention. These graphical plots also show the
changes in reflectivity of such components due to a 5 nanometer variation of contact
hole diameters in the layers to illustrate the fact that the reflectivity spectrum is not
sensitive to variations in hole diameter over the longer wavelengths portion of the

spectrum.

[0011] Figs. 4A, 4B, 4C, and 4D are graphical plots showing a comparison of the

measured values and those predicted by a model of ellipsometric parameters o, B and



WO 2006/076484 PCT/US2006/001067

the reflectivities of the S- polarization and P-polarization components, respectively, of
radiation scattered by a film pad without holes therein, used for illustrating the
invention. In Figs. 4A — 4D, the model is one where the complex index of refraction

n and k are varied to yield a value of film thickness of 3967A.

[0012] Figs. 5A, 5B, 5C, and 5 D are graphical plots showing a comparison of the
measured values and those predicted by a model of the ellipsometric parameters o, 3
and of the S-polarization and P-polarization components, respectively, of radiation
scattered by a film with a two-dimensional array of holes therein measured using the
apparatus of Fig. 2. In Figs. 5A — 5D, the model is one where the complex index of
refraction n and k as well as thickness are varied to yield a value of film thickness of
3970.08A.

[0013] Figs. 6A, 6B, 6C, and 6 D are graphical plots showing a comparison of the
measured values and those predicted by a model of the ellipsometric parameters o, {3
and of the S-polarization and P-polarization components, respectively, of radiation
scattered by a film pad with a two-dimensional array of holes therein measured using
the apparatus of Fig. 2. In Figs. 5A — 5D, the model is one where the thickness (but
not the complex index of refraction n and k) is varied to yield a value of film

thickness of 3932.67A.

[0014] Fig. 7 is a graphical plot of the complex index of refraction n and k of a film
pad without holes therein and that of a corresponding grating (film pad with a two-

dimensional array of contact holes) to further illustrate the invention.
[0015] Fig. 8 is a flowchart illustrating a method for measuring a diffracting structure.

{0016] For simplicity in description, identical components are identified by the same

numerals in this application.
DETAILED DESCRIPTION OF THE INVENTION

[0017] Fig. 1A is a perspective view of a portion of a semiconductor wafer 12, having
a silicon substrate 12a with a layer 12b thereon having a two-dimensional array of
contact holes 13 therein. Fig. 1B is a cross-sectional view of wafer 12 of Fig. 1A

along the line 1B — 1B in Fig. 1A. The cross-sectional view of Fig. 1B is not drawn to
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the same scale as that in Fig. 1A. Each of the holes 13 in the array of contact holes
has a diameter D and the holes are spaced apart at a pitch P, as shown in Fig. 1B. The
layer 12b has a thickness or height of h and the side walls of the contact holes 13 are

at an angle A to the top surface of the silicon substrate 12a.

[0018] In the conventional method, in order to be able to determine quantities such as
D (the diameter of the holes 13), the pitch P, height or thickness, h, and the wall angle
A, or other parameters related to the profile or shape of the contact holes 13, all of the
above-referenced parameters, as well as the complex index of refraction of layer 12b
are included in a model of the structure and regression is then used to find the best
model parameters that fit the spectra. Calculation of the spectra involving such a
large number of parameters is time-consuming and may be impractical to compete in
real time. In one of the conventional methods described above, a neighboring area of
the film without holes therein is measured independently to find the value of the film
thickness. This measured thickness value may be used subsequently in structure
models for the film with holes therein to reduce the number of independent variables
in the structure model. However, as is exemplified by wafer 12 in Figs. 1A and 1B,
there is no extra area of layer 12b without the presence of contact holes 13 therein for
such separate measurement to be performed to determine the thickness h of layer 12b

independently from the determination of the remaining parameters.

[0019] This invention is based on the recognition that, to simplify the structure model
for measurement of the parameters related to the hole array, an approximate value of
the thickness h of the layer 12b may be first found using a film model of the layer
which does not vary the parameters related to the contact hole array. The thickness so
found is more accurate where the diameter D of the holes 13 is less than one-third of
the pitch P or spacing between the holes. The volume fraction occupied by the holes
13 is then slightly less than 0.1. In such event, a film model without varying the
parameters (e.g. diameter, pitch, wall angle etc.) of the contact holes provides an
estimate for the height h of sufficient accuracy for many applications. Another
favorable condition for applying the above-described concept, using the film model, is
that the reflectivity of the diffracted radiation from the array of holes 13 in layer 12b
at certain anelengths is less affected by parameters related to the diffracting

structure, such as the hole diameter D. Before these issues are examined, it is first
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useful to describe the apparatus that may be used for measuring wafer 12 of Figs. 1A

and 1B.

[0020] FIG. 2 is a schematic view of a spectroscopic scatterometer system 10 to
illustrate the preferred embodiment of the invention. As shown in FIG. 2, system 10
advantageously combines features of a spectroscopic scatterometer, spectroscopic
ellipsometer and spectroscopic reflectometer. The spectroscopic reflectometer or the
spectroscopic ellipsometer may be used for measuring the film thickness of the layer
containing the diffracting structure.using a film model, and for subsequently
measuring the spectra of the diffracted radiation from the array of contact holes 13 for
determination of parameters related to the diffracting structure as explained below. As
shown in FIG. 2, a semiconductor wafer 12 may comprise a silicon substrate 12a, a
film 12b (such as a photoresist pattern) on the substrate having a two dimensional
diffracting structure therein such as an array of contact holes in the film, where the
film is at least partially light-transmissive and has a certain film thickness h and

refractive index (n and k, the real and imaginary components of the index).

[0021] An XYZ stage 14 is used for moving the wafer in the horizontal XY directions
in order to position the wafer relative to the optics. Stage 14 may also be used to
adjust the z height of the wafer 12 as described below. In reference to FIG. 2, a
broadband radiation source such as white light source 22 (or a source supplying
radiation of a single or multiple wavelengths) supplies light through an optional fiber
optic cable 24 which randomizes the polarization and creates a uniform light source
for illuminating the wafer. Preferably, source 22 supplies electromagnetic radiation
baving wavelengths in the range of at least 230 to 800 nm. Upon emerging from fiber
24, the radiation passes through an optical illuminator that may include a slit aperture
and a focus lens (not shown). The slit aperture causes the emerging light beam to
image an area of layer 12b of dimensions that can be controlled. The light emerging
from illuminator 26 is polarized by a polarizer 28 to produce a polarized sampling

beam 30 illuminating the layer 12b, such as one with P- or S-polarization.

[0022] The radiation originating from sampling beam 30 that is reflected by layer
12b, passed through an analyzer 32 and to a spectrometer 34 to detect different

spectral components of the reflected radiation. For a more detailed description of a
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spectroscopic ellipsometer, please see U.S. Pat. No. 5,608,526, issued Mar. 4, 1997,

which is incorporated herein by reference in its entirety.

[0023] In the spectroscopic ellipsometry mode of system 10 for measuring film
thickness, either the polarizer 28 or the amalyzer 30 (or both) is rotated (to cause
relative rotational motion between the polarizer and the analyzer) when spectrometer
34 is detecting the reflected light at a plurality of wavelengths, such as those in the
spectrum of the radiation source 22, where the rotation is controlled by computer 40
in a manner known to those skilled in the art. The reflected intensities at different
wavelengths detected is supplied to computer 40 which computes the film thickness
and n and k values of the refractive index of layer 12b (or of a layer similar to layer
12b but without holes therein) in a manner described in more detail below. The film
thickness and n and k values of the refractive index of a layer similar to layer 12b but
without holes therein may be derived in a manner known to those skilled in the art, or

as described in U.S. Pat. No. 5,608,526.

[0024] While spectroscopic ellipsometry may be preferred for measuring film
thickness, in some applications a spectroscopic reflectometer (also known as
spectroreflectometer and spectrophotometer) may be adequate for measuring the film
thickness. For this purpose, lens 23 collects and directs radiation from source 22 to a
beam splitter 52, which reflects part of the incoming beam towards the focus lens 54
which focuses the radiation to layer 12b. The light reflected by the layer 12b is
collected by lens 54, passes through the beam splitter 52 to a spectrometer in the
spectroscopic reflectometer 60. The spectral component(s) at a single or different
wavelengths measured are detected and signals representing such components are
supplied to computer 40 for determining the film thickness and refractive index in a
manner described, for example, in U.S. patent 5,747,813. Spectroscopic devices other
than the spectroscopic reflectometer and spectroscopic ellipsometer, or other devices
may also be used for measuring the film thickness of layer 12b, such as polarimeters,
and single wavelength ellipsometers or reflectometers, and are within the scope of the

invention.

[0025] Other examples of such spectroscopic devices that may be used for
determining the film thickness of layer 12b include the n & k Analyzer of n & k
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Technology Inc. of Santa Clara, Calif., and described in "Optical Characterization of
Amorphous and Polycrystalline Silicon Films," by Ibok et al., reprinted from August
1995 edition of Solid State Technology published by PennWell Publishing Company;
"Optical Dispersion Relations for Amorphous Semiconductors and Amorphous
Dielectrics,” by Forouhi et al., Physical Review B, vol. 34, no. 10, pp 7018-7026,
Nov. 15, 1986; "Optical Properties of Crystalline Semiconductors and Dielectrics," by
Forouhi et al., Physical Review B, vol. 38, no. 3, pp 1865-1874, Jul. 15, 1988 and
U.S. Pat. No. 4,905,170.

[0026] For the purpose of adjusting the height of wafer 12 relative to the polarizer 28,
analyzer 32 to achieve proper focus in the spectroscopic ellipsometry measurement, or
relative to the focus lens 54 and spectroscopic reflectometer 60 in the
spectroreflectometer measurement, the height of the wafer may need to be adjusted by
means of stage 14 prior to the measurement. For this purpose, a portion of the
radiation reflected by layer 12b and collected by lens 54 is reflected by a beamsplitter
62 towards a focusing and pattern recognition block 64 for comparing the reflected
jmage to a pattern. Block 62 then sends information concerning the comparison to
computer 40 which controls stage 14. Stage 14, in turn, moves the wafer 12 up or
down in the vertical or Z direction in order to move wafer 12 to a proper height

relative to the optical components of system 10.

[0027] The diffraction from the array of holes 13 may be measured using the
apparatus or system 10 in Fig. 2 as described above. Once the film thickness of the
film 12b has been obtained from the diffraction measured, a reference database may
now be constructed by means of computer 40 using the film thickness value to
simplify the structure model for layer 12b. The parameters pertaining to the
diffracting structures may then be derived from the same data from which the film
thickness is obtained (or alternatively, from diffraction data of the structures obtained
in a separate measurement using the apparatus in Fig. 2). Instead of a reference
database, a linear or non-linear optimization process can also be performed using the
prior film thickness value so obtained as a fixed parameter, or as a seed value in a
parameter estimation process where the film thickness is floated along with the
parameters of the diffracting structure. As yet another alternative, a linear or non- -

linear optimization process can also be used in combination with a reference database.
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[0028] It is found that the reflectivity that is measured by system 10 does not change
significantly within certain wavelength ranges as a result of changes in the hole
diameter D. This is illustrated in Figs. 3A — 3C. As shown by the solid line in Fig.
3A, for example, where the hole diameter is of the order of 120 nanometers and the
contact hole array has a pitch of 240 nanometers, the reflectivity measured by system
10 remains substantially the same when the hole diameter changes by up to 5
nanometers. In Fig. 3A, the dotted line curve is that of the reflectivity of S-
polarization components and the solid-line curve is the change in reflectivity due to 5
nanometer hole diameter variation. As will be apparent from Fig. 3A, where the array
of holes has a pitch of about 240 nm and hole diameter of about 120 nm, the
reflectivity remains substantially constant, despite hole diameter variation of up to 5
nanometers, at wavelengths above 500 nanometers. Figs. 3B and 3C illustrate the
same phenomena with the hole diameter at around 150 nanometers and the pitch at
about 300 nanometers (Fig. 3B), and the hole diameter at around 180 nanometers and
pitch at about 360 nanometers (Fig. 3C). In each of Figs. 3B and 3C, again, the dotted
line curve represents the reflectivity of the S-polarization component and the solid-
line curve represents the change in reflectivity due to 5 nanometer diameter variation.
In Figs. 3A — 3C, the parameter CD, or critical dimension, is the diameter of the

contact holes 13.

[0029] From the above, it is evident that it is possible to use a film model for
obtaining an accurate estimate of the thickness or height of layer 12b where the film
model does not parameterize and vary the hole diameter. This is especially true in the
case where the film model is constructed only over a certain limited wavelength
range, such as in the red and near infrared portion of the spectrum, or such as above
about 500 nanometers as shown in Figs. 3A-3C. It may be preferable to employ film
models that have been modified to take into account effects of the presence of some
diffracting structure(s) in or near the film, even though the parameters related to the
structure(s) themselves are not varied in the model. Film models for calculating the
thickness of films with diffracting gratings therein are known to those skilled in the
art and will not be described in detail herein. For further details concerning such film
models, please see “Effective-Medium Theory of Zeroth-Order Lamellar Gratings in
Conical Mountings,” by Charles W. Haggans et al., J. Opt. Soc. Am. A, October 19,
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1993, Volume 10, No. 10, Pages 2217-2225; “High-Order Effective-Medium Theory
of Subwavelength Gratings in Classical Mounting:  Application to Volume
Holograms,” by P. Lalanne et al., J. Opt. Soc. Am. A, Volume 15, No. 7, July 1998,
Pages 1843-1851; “On the Effective Medium Theory of Subwavelength Periodic
Structures,” P. Lelanne, Journal of Modern Optics, 1996, Volume 43, No. 10, Pages
2063-2085; and “Effective Medium Theory of Two-Dimensional Subwavelength
Gratings in the Non-Quasi-Static Limit,” J. Opt. Soc. Am. A, Volume 15, No. 6, June
1998, Pages 1577-1585.

[0030] Using a film model, the thickness h of the layer 12b in Figs. 1A and 1B can be
found using a regression algorithm. Regression algorithms are known to those skilled
in the art and will not be described here in detail. For an explanation of the regfcssion
method, please see “Spectroscopic Ellipsometry and Reflectometry: A User’s Guide,”
by Harland G. Tompkins and William A. McGahan, John Wiley & Sons, Inc., New
York, 1999, Pages 101-107.

[0031] Fig 4A is a graphical plot illustrating a comparison of the measured values and
those calculated by a film model of the ellipsometric parameter o over a spectrum,
when a layer similar to layer 12b but without contact holes therein is measured, to
provide a reference value of the layer thickness. For an explanation of the
ellipsometric parameters o and P, please see Bernoux et al., "Ellipsometrie,"
Techniques de 1'Ingenieur, R6490, pp. 1-16 (1990). As shown in Fig. 4A, the
measured values of o are shown in a light dotted line and those predicted by the
model, are shown in a heavier dotted line. As shown in Fig. 4A, the measured values
and those predicted by the model match and are substantially the same. The same
appears to be true for the ellipsometric parameter of  and the reflectivity of the P-
polarization component, as illustrated in Figs. 4B and 4D. As for the reflectivity of
the S-polarization components, the measured values 102 exhibit a small amount of
oscillation between 450 and 500 nanometer wavelengths that do not appear in the
predicted values and are slightly higher than those (104) predicted by the model in the
range of 500 to 600 nanometers of wavelength. Aside from such deviation, the actual
measured values of the ellipsometric parameters and reflectivities match substantially

those predicted by the film model. In the results illustrated in Figs. 4A — 4B, the

10
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index of refraction variables n and k are varied in the film model, while also varying

the thickness. The thickness arrived at by means of regression is 3967 angstroms.

[0032] Figs. SA ~ 5D illustrate graphically a comparison of the measured values
compared to those predicted by the modified film model of the ellipsometric
parameters o and B, and the reflectivities of the S- and P- polarization components
when layer 12b with contact holes therein is measured. In the results illustrated in
Figs. 5A — 5D, the thickness of the layer 12b is also varied in the model, in addition to
the effective index of refraction variables n and k. The parameters related to the
contact holes such as diameter or hole profile, however, are not varied. As will be
evident from a comparison between Figs. 4A — 4D on the one hand, and those of Figs.
5A — 5D on the other, the measured values and those predicted by the model in both
sets of graphical plots are substantially the same. The measured values 112 in Figs.
4C and 5C exhibit substantially the same behavior of oscillation between 400 to 500
nm, and are slightly higher than the predicted values 114 between 500 and 600 nm.

[0033]) The thickness of layer 12b obtained by means of regression from the
measurements and structure model illustrated in Figs. 5A-5D is 3970.08 angstroms,
which is close to the value 3967 angstroms obtained from measurement of the film
pad without holes therein. This indeed demonstrates that the thickness obtained using
a modified model of layer 12b that takes into account the presence of diffracting
structures in the layer matches that obtained from measuring the film without contact
holes therein. In the modified model, the index of refraction parameters n and k that
are varied are the effective values for layer 12b with the contact holes 13 therein as
seen by the system 10 in Fig. 2, and may be different from the index of refraction
value of the material in layer 12b. As noted above, for improved accuracy, the
regression process may be applied to the measured data and model in a limited range
of wavelengths, such as data at only the red and near infrared wavelengths, or at and
above 500 nm, or other wavelength ranges where the reflectivity is'less affected by

variations in the dimensions or profile of the diffracting structure.

[0034] Figs. 6A — 6D illustrate graphically a comparison of the measured values
compared to those predicted by the modified film model of the ellipsometric

parameters o and P, and the reflectivities of the S- and P- polarization components

11
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when layer 12b with contact holes therein is measured. In the results illustrated in
Figs. 6A — 6D, the thickness of the layer 12b is varied in the model, but not the
effective index of refraction variables n and k. As will be evident from a comparison
between Figs. SA — 5D on the one hand, and those of Figs. 6A — 6D on the other,
varying only thickness without also varying the effective index of refraction variables
n and k (Figs. 6A — 6D) yields results inferior to those where the effective index of
refraction variables n and k are also varied (Figs. 5A — 5D). As shown in Figs. 6A-
6D, the measured values 202, 212, 222, 232 are close to but do match in a number of
wavelength ranges the values 204, 214, 224, 234 predicted by the modified model.
Thus, while varying only the thickness may be adequate for some applications, it is

preferable to vary also the effective index of refraction variables n and k.

[0035] Fig. 7 is a graphical plot illustrating a comparison of the regressed values of n
and k for a film similar to layer 12b but without holes therein and layer 12b. As
shown in Fig. 7, the values 302 and 312 of n and k for the film without holes therein
differ from the values 304 and 314 for the layer 12b with holes therein. The
regression process for deriving layer thickness described above may also yield values
for n and k. Hence, for some applications, the values for n and k obtained in the
regression process described above for the film may differ significantly from those for
layer 12b with holes therein so that they may not be helpful in further reducing the
number of variables that need to be used subsequently in constructing a model for
diffraction from the hole array. Nevertheless, it is observed that the regressed values
for n for the film do not differ from those for the grating by large amounts, so that for
some applications, it may be possible to use the regressed value of n obtained in the
above process in obtaining the layer thickness to further reduce the number of model
parameters that must be varied in modeling the diffraction from the contact hole array.
Alternatively, when the thickness of the layer 12b is well established (for example in
a stable manufacturing process), the values of index (n & k) derived using a film
model incorporating effective medium theory may be used to generate the seed or
starting values in a linear or non-linear optimization process for some of the profile
parameters of the diffracting structure (e.g., hole diameter), thereby accelerating the

convergence of this process.

12
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[0036] After an estimate of the layer thickness (and optionally also the value of n) has
been obtained as described above, a model with detected signal spectra of the
diffraction from layer 12b with holes therein is then constructed in a manner
described in more detail in U.S. Patent No. 6,590,656, which is incorporated herein by
reference in its entirety. In the embodiment where the same diffraction data is used
for the separate and sequential derivation of both the film thickness and parameters
pertaining to the diffracting structures, such parameters are then derived using the
film thickness so obtained. In the alternative embodiment where parameters
pertaining to the diffracting structures are obtained from data that are different from
those used for thickness derivation, system 10 of Fig. 2 is then used to again measure
the radiation diffracted from array of holes 13 in layer 12b, by directing an
illumination beam to the layer, and detecting, preferably at a plurality of wavelengths
the zeroth order diffraction from the layer in a manner described in more detail in
U.S. Patent No. 6,590,656, although detection at a single wavelength may be adequate
for some applications. In both embodiments, a regression algorithm is then applied to
the measured data and the model constructed which uses the estimated layer thickness
(and optionally also the value of n) to find the values of parameters related to the
diffracting structure, such as pitch, critical dimension (width of lines or diameter of
holes), side wall angle or profile. The parameters that are varied by the regression
algorithm include those related to the diffracting structure, and do not include the
thickness of layer 12b. Where the values of the effective n and k (or only of k) are not
known from the process for estimating layer thickness, n and k (or only k) may also
be included as parameters that are varied in the process. Models for finding
parameters related to the diffracting structure are described in U.S. patent applications
“Parametric Profiling Using Optical Spectroscopic Systems,” Serial No. 09/741,663,
filed 12/19/2000, and “Improved System for Scatterometric Measurements and
Applications,” Serial No. 09/671,715, filed 9/27/2000, both of which are incorporated
herein by reference in their entireties. The values of these parameters may be found

using either the intensity or ellipsometric parameter data measured by system 10.

[0037] The two embodiments are illustrated in Fig. 8. As shown in Fig. 8, a beam of
electromagnetic radiation of a plurality of wavelengths is directed at a sample with a

layer containing a periodic diffracting structure. The diffraction of the beam at said
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plurality of wavelengths from said diffracting structure is detected. A value for
thickness of the layer using a film model of the layer is found, either from the
diffraction detected, or from data obtained in a separate measurement where the
structure is illuminated by a beam and the diffraction of the beam by the structure is
detected to obtain data. Then one or more parameters related to said diffracting

structure is determined using the thickness value and the diffraction detected.

[0038] The information on film thickness obtained in the first step can be used to
verify that the optical illumination and collection angles and aperture sizes are optimal
for the measurement of the diffracting structure, prior to or during the grating profile
parameter estimation process. For some multilayer film conditions, the most sensitive
optical conditions for determining grating profile parameters can vary with film
thickness. Based on the film thicknesses derived in the first parametér estimation
step, and for measurement systems incorporating adjustable or selectable angles and
aperture sizes, the optical illumination and collection angles and aperture sizes can be
adjusted or selected to maximize the sensitivity of subsequent spectroscopic and
angular measurement data, either for the same site as the first step, or the next site on

the same wafer, or on the next wafer.

[0039] While the invention has been described above by reference to various
embodiments, it will be understood that changes and modifications may be made
without departing from the scope of the invention, which is to be defined only by the
appended claims and' their equivalents. For example, while the embodiments have
been described for measuring the parameters related to a two-dimensional array of
holes, the same embodiments may be used to measure parameters related to other
diffracting structures, such as a two-dimensional array of pillars, grating lines or a
one-dimensional array of holes. All references referred to herein are incorporated by

reference in their entireties.

14



WO 2006/076484 PCT/US2006/001067

WHAT IS CLAIMED IS:

1. A method for measuring a sample with a layer containing a periodic
diffracting structure, said method comprising:

directing a first beam of electromagnetic radiation of a plurality of
wavelengths at said periodic diffracting structure;

detecting a diffraction of said first beam at said plurality of wavelengths from
said diffracting structure;

finding a value for thickness of the layer using a film model of the layer; and

determining one or more parameters related to said diffracting structure using

said thickness value and the diffraction detected.

2. The method of claim 1, wherein said finding employs a reflectometer

or a ellipsometer.

3. The method of claim 1, wherein said finding employs a spectroscopic

reflectometer or a spectroscopic ellipsometer.

4, The method of claim 1, wherein said finding employs a film model that
employs data restricted to those within a range of selected wavelengths at which
reflectivity of the periodic diffracting structure is less sensitive to changes in
dimensions or profile of the structure than to such changes at wavelengths that are

outside such range.

5. The method of claim 4, wherein said finding employs a film model that

employs data restricted to those of wavelengths within red and near infrared ranges.

6. The method of claim 1, wherein said finding employs a film model that
employs data restricted to those at selected wavelengths at which reflectivity of the
periodic diffracting structure is less sensitive to changes in dimensions or profile of
the structure than to such changes at wavelengths that are different from the selected

wavelengths.
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7. The method of claim 1, wherein said finding includes:

directing a second beam of electromagnetic radiation of a plurality of
wavelengths at a section of said layer that includes at least a portion of said periodic
diffracting structure; and

detecting intensity or ellipsometric data of the second beam after it has been

modified by the section of said layer.

8. The method of claim 7, wherein said finding employs a film model that
uses parameters including thickness and indices of refraction of the layer, but no

parameter related to dimensions or profile of the diffracting structure.

9. The method of claim 8, wherein said finding varies values of

parameters related to indices of refraction of the layer.

10.  The method of claim 1, wherein said finding finds the thickness value

from the diffraction detected.

11. The method of claim 10, wherein said finding employs a film model
that uses parameters including thickness and indices of refraction of the layer, but no

parameter related to dimensions or profile of the diffracting structure.

12. The method of claim 11, wherein said finding varies values of

parameters related to indices of refraction of the layer.
13.  The method of claim 1, wherein said finding employs a film model that
uses parameters including thickness and indices of refraction of the layer, but no

parameter related to dimensions or profile of the diffracting structure.

14.  The method of claim 1, wherein said finding varies values of

parameters related to indices of refraction of the layer.
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15.  The method of claim 1, wherein said finding finds the value for
thickness by measuring a section of the layer that includes at least a portion of the

structure from which said diffraction is detected.

16.  The method of claim 1, wherein said determining includes applying a

regression algorithm that uses the thickness value.

17.  The method of claim 1, wherein said determining includes applying a
regression algorithm that determines the one or more parameters related to said

diffracting structure.

18.  The method of claim 17, wherein said regression algorithm varies
values of only parameters pertaining to dimensions and/or profile of the diffracting
structure, and wherein said parameters that are varied do not include thickness of the

layer.

19.  The method of claim 18, wherein said parameters that are varied

pertain to width or diameter and side wall angle of the structure.

20.  The method of claim 1, wherein said detecting detects intensity or
ellipsometric data from the diffraction, and said determining determines the one or
more parameters related to said diffracting structure using the detected intensity or

ellipsometric data.

21. The method of claim 1, wherein said determining comprises

constructing a reference database using the thickness value.

22.  The method of claim 1, said determining further comprising a linear or

non-linear optimization process that uses the thickness value as a fixed parameter.

23.  The method of claim 1, said determining comprising a linear or non-

linear optimization process that uses the thickness value as seed value in a parameter

17
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estimation process where the thickness value is floated along with the parameters of

the diffracting structure.

24,  The method of claim 1, wherein said finding also finds the value(s) of

the refractive index of the layer using a film model.

25.  The method of claim 24, said determining comprising using the
value(s) of the refractive index of the layer to generate seed or starting values in a
linear or non-linear optimization process for some of the parameters of the diffracting

structure, thereby accelerating the convergence of the process.

26.  The method of claim 1, said method further comprising adjusting or
selecting an optical illumination angle and/or aperture size(s) of the first beam and/or
collection angle for the detecting, in response to the thickness value, to maximize

sensitivity of data to variations in parameters of the diffracting structure.

27.  The method of claim 26, wherein the finding precedes the directing
and detecting and finds the thickness value of a section of said layer that includes at
least a portion of said periodic diffracting structure, and wherein said directing directs
and said detecting detects from said section or a different section of said layer that

includes at least a portion of said periodic diffracting structure.

28.  The method of claim 26, wherein the finding precedes the directing
and detecting and finds the thickness value of a section of said layer that includes at
least a portion of said periodic diffracting structure, and wherein said directing directs
the first beam to, and said detecting detects from, a section of a layer that includes a
periodic diffracting structure different from the one from which the thickness value is

found.
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