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INTERFEROMETERAND METHOD FOR MEASURING
CHARACTERISTICS OF OPTICALLYUNRESOLVED SURFACE

FEATURES

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority under 35 U.S.C. 119(e) to U.S. Provisional Patent

Application Serial No. 60/737,016 filed November 15, 2005 and entitled

"INTERPEROMETER AND METHOD FOR MEASURING CHARACTERISTICS OF

OPTICALLY UNRESOLVED SURFACE FEATURES;" this application also claims the

benefit under 35 U.S.C.120, and is a continuation-in-part, of U.S. Patent Application

10/795,579 filed March 8, 2004 and entitled "PROFILING COMPLEX SURFACE

STRUCTURES USING SCANNING INTERFEROMETRY," which in turn claims priority

under 35 U.S.C. 119(e) to the following U.S. Provisional Patent Applications: U.S. Patent

Application Serial No. 60/452,615 filed March 6, 2003 and entitled "PROFILING

COMPLEX SURFACE STRUCTURES USING HEIGHT SCANNING

INTERFEROMETRY," U.S. Patent Application Serial No. 60/452,465 filed March 6, 2003

and entitled "PROFILING COMPLEX SURFACE STRUCTURES USING SIGNALS

FROM HEIGHT SCANNING INTERFEROMETRY," and U.S. Patent Application Serial

No. 60/539,437 filed January 26, 2004 and entitled "SURFACE PROFILING USING AN

INTERPERENCE PATTERN MATCHING TEMPLATE." All of said related applications

are incorporated herein by reference.

BACKGROUND

The invention relates to using scanning interferometry to measure surface topography

and/or other characteristics of objects having complex surface structures, such as thin film(s),

discrete structures of dissimilar materials, or discrete structures that are underresolved by the

optical resolution of an interference microscope. Such measurements are relevant to the

characterization of flat panel display components, semiconductor wafer metrology, and in-

situ thin film and dissimilar materials analysis.

Interferometric techniques are commonly used to measure the profile of a surface of

an object. To do so, an interferometer combines a measurement wavefront reflected from the



surface of interest with a reference wavefront reflected from a reference surface to produce

an interferogram. Fringes in the interferogram are indicative of spatial variations between the

surface of interest and the reference surface.

Typically, a scanning interferometer scans the optical path length difference (OPD)

between the reference and measurement legs of the interferometer over a range comparable

to, or larger than, the coherence length of the interfering wavefronts, to produce a scanning

interferometry signal for each camera pixel used to measure the interferogram. A limited

coherence length can be produced, for example, by using a white-light source, which is

referred to as scanning white light interferometry (SWLI). A typical scanning white light

interferometry (SWLI) signal is a few fringes localized near the zero optical path difference

(OPD) position. The signal is typically characterized by a sinusoidal carrier modulation (the

"fringes") with bell-shaped fringe-contrast envelope. The conventional idea underlying

SWLI metrology is to make use of the localization of the fringes to measure surface profiles.

SWLI processing techniques include two principle trends. The first approach is to

locate the peak or center of the envelope, assuming that this position corresponds to the zero

optical path difference (OPD) of a two-beam interferometer for which one beam reflects

from the object surface. The second approach is to transform the signal into the frequency

domain and calculate the rate of change of phase with wavelength, assuming that an

essentially linear slope is directly proportional to object position. See, for example, U.S.

Patent No. 5,398,1 13 to Peter de Groot. This latter approach is referred to as Frequency

Domain Analysis (FDA).

Unfortunately such assumptions may break down when applied to a test object having

a thin film because of reflections by the top surface and the underlying film/substrate

interface. Recently a method was disclosed in U.S. Patent 6,545,763 to S.W. Kim and G.H.

Kim to address such structures. The method fit the frequency domain phase profile of a

SWLI signal for the thin film structure to an estimated frequency domain phase profile for

various film thicknesses and surface heights. A simultaneous optimization determined the

correct film thickness and surface height.

Complex surface structures, e.g. patterned semiconductor wafers, may be comprised

of features of dissimilar materials of various sizes from mm down to a few tens of nm in size.



It is presently of considerable interest in the several industries, including in particular

the semiconductor industry, to make quantitative measurements of surface topography. Due

to the small size of typical chip features, the instruments used to make these measurements

typically should have high spatial resolution both parallel and perpendicular to the chip

surface. Engineers and scientists use surface topography measuring systems for process

control and to detect defects that occur in the course of manufacturing, especially as a result

of processes such as etching, polishing, cleaning and patterning.

Non-optical metrology tools such as top down critical dimension (CD) scanning

electron microscopy (SEM) and atomic force microscopy (AFM) are in widespread use for

obtaining pattern and topography information in the semiconductor industry. While both of

these techniques have the required horizontal resolution they suffer from being extremely

slow so that it requires significant amounts of time to collect data over large areas of the

wafer. This is particularly true of the AFM. Top down CD SEM' s are programmable and so

can automatically collect data from particular regions of a set of wafers but even with this

feature the time required to collect full wafer data is prohibitive.

Conventional optical surface profilers such as confocal, interferometric or slope

sensors overcome some of these difficulties; but generally become unusable when surface

features are either too small, too closely spaced or both, to be properly resolved and result in

inaccurate surface height variations.

Conventional interference microscopes measure surface profiles by directly

associating interference phase with an optical path difference between a reference surface

and a measurement surface. They have lateral resolution typically limited to approximately

one wavelength of the source illumination.

Scanning white light interference microscopes, also known as coherence probe

microscopes, laser radar and vertical scanning interferometers, measure surface profiles take

advantage of the limited coherence of white light (or more generally, broadband)

illumination to assist in surface profiling of discrete surface features, rough surface structures

and narrow lines. They have lateral resolution typically limited to approximately one

wavelength of the source illumination. Some of these systems may be arranged so as to

measure the thickness of films.



Scatterometers determine a surface characteristic by matching the distribution of

scattered or diffracted light to a pre-computed library of the scattering and diffraction

distributions from nominal structures. They do not directly measure surface profiles with

respect to a reference, as in an interferometer. Scatterometers also generally work only with a

limited set of 2D structures.

Confocal microscopes use a restricted depth of focus to section an object vertically,

so as to e.g. determine surface profile.

Nomarski microscopy and other differential techniques measure differences in

surface height by comparing them to each other.

Ellipsometers measure the thin film and dissimilar material structure of objects using

polarized light at high angles of incidence and the Fresnel reflection coefficients. Generally

the features of interest are large compared to the source wavelength and ellipsometers do not

provide surface profile information.

SUMMARY

The inventors have realized that there is a wealth of information in a scanning

interfometry signal, much of which is ignored in conventional processing. While complex

surface structures, such as thin films or under-resolved surface features (i.e., lateral surface

features smaller than the spatial resolution of the interference microscope), may corrupt

conventional processing techniques based on identifying the location of the peak in the fringe

contrast envelope or calculating a slope for the frequency domain phase profile, new

processing techniques disclosed herein can extract surface height information and/or

information about that the complex surface structure.

For example, while not assuming that the surface height information is directly

related to the peak in the fringe contrast envelope, some embodiments of the invention

assume that a change in surface height translates the scanning interferometry signal with

respect to a reference scan position, but otherwise preserves the shape of the scanning

interferometry signal. Thus, the shape of the scanning interferometry signal is especially

useful in characterizing complex surface structure because it is independent of surface height.

Similarly, in the frequency domain, some embodiments assume a change in surface height

introduces a linear term in the frequency domain phase profile, even though the frequency



domain profile itself may not e linear. However, the change in surface height leaves the

frequency domain amplitude profile unchanged. Therefore, the frequency domain amplitude

profile is especially useful in characterizing complex surface structure.

After the complex surface structure is characterized, surface height can be efficiently

determined. For example, a cross-correlation between the scanning interferometry signal and

a model signal having the shape corresponding to the complex surface structure can produce

a peak at a scan coordinate corresponding to the surface height. Similarly, in the frequency

domain, a phase contribution resulting from the complex surface structure can be subtracted

from the frequency domain phase profile and the surface height can be extracted using a

conventional FDA analysis.

Examples of complex surface structure include: simple thin films (in which case, for

example, the variable parameter of interest may be the film thickness, the refractive index of

the film, the refractive index of the substrate, or some combination thereof); multilayer thin

films; sharp edges and surface features that diffract or otherwise generate complex

interference effects; unresolved surface roughness; unresolved surface features, for example,

a sub-wavelength width groove on an otherwise smooth surface; dissimilar materials (for

example, the surface may comprise a combination of thin film and a solid metal, in which

case the library may include both surface structure types and automatically identify the film

or the solid metal by a match to the corresponding frequency-domain spectra); surface

structure that give rise to optical activity such as fluorescence; spectroscopic properties of the

surface, such as color and wavelength-dependent reflectivity; polarization-dependent

properties of the surface; and deflections, vibrations or motions of the surface or deformable

surface features that result in perturbations of the interference signal.

In some embodiments, the limited coherence length of the light used to generate the

scanning interferometry signal is based on a white light source, or more generally, a

broadband light source. In other embodiments, the light source may be monochromatic, and

the limited coherence length can result from using a high numerical aperture (NA) for

directing light to, and/or receiving light from, the test object. The high NA causes light rays

to contact the test surface over a range of angles, and generates different spatial frequency

components in the recorded signal as the OPD is scanned. In yet further embodiments, the

limited coherence can result from a combination of both effects.



The origin of the limited coherence length is also a physical basis for there being

information in the scanning interferometry signal. Specifically, the scanning interferometry

signal contains information about complex surface structure because it is produced by light

rays contacting the test surface with many different wavelengths and/or at many different

angles.

In the processing techniques described herein, information derivable from a scanning

interferometry signal for a first surface location of a test object (including the scanning

interferometry signal itself) is compared to information corresponding to multiple models of

the test object, where the multiple models are parametrized by a series of characteristics for

the test object. For example, the test object can be modeled as a thin film and the series of

characteristics can be a series of values for the thickness of the thin film. While the

information being compared might include, for example, information about the frequency

domain phase profile, it might also include information about the shape of the scanning

interferometry data and/or information about the frequency domain amplitude profile.

Furthermore, to focus the comparison on the complex surface structure, and not the surface

height at the first surface location, the multiple models can all correspond to a fixed surface

height for the test object at the first surface location. The comparison itself can be based on

calculating a merit function indicative of the similarity between the information from the

actual scanning interferometry signal and the information from each of the models. For

example, the merit function can be indicative of fit between the information derivable from

the scanning interferometry data and function parametrized by the series of characteristics.

Furthermore, in some embodiments, the series of characteristics corresponds to a

characteristic of the test object at second location different from the first location, including

for example, diffractive surface structures that contribute to the interface signal for the first

surface locations. Thus, while we often refer to the complex surface structure as being

something other than surface height at the first surface location corresponding to the

scanning interferometry signal, the complex surface structure may correspond to surface

height features spaced from the first surface location corresponding to the scanning

interferometry signal.

In yet further embodiments, the information derivable from the scanning

interferometry signal is an estimate for the relative surface height for the first location. This



information is compared to models which calculate what the apparent height would be for the

first surface location as measured by the interferometry system (taking into account the affect

of under-resolved features at multiple surface locations) for different values of the actual

surface height profile. Based on the comparison, one improves the accuracy of the surface

height measurement, e.g., by selecting the actual surface heights used in the model that

produced apparent heights most similar to those from the actual measurement.

More generally, information can be derived from the scanning interferometry signals

at multiple surface locations (even if at least some of the surface features present at those

locations are under-resolved), and this information can be compared to models which

calculate what the information should look like as a function of different values

parametrizing under-resolved features of interest. For example, the derivable information

can correspond to an observed surface profile determined using conventional scanning

interferometry algorithms. The under-resolved features of interest will be obscured in this

surface profile; however, they will still contribute to the observed surface profile and

information about the under-resolved features can be extracted from the observed surface

profile by comparing it to different models.

For example, the individual lines of an under-resolved grating structure will not be

apparent in the surface profile observed from conventional processing of the interferometry

signals at multiple surface locations. Nonetheless, for example, the inventors have

discovered that the actual modulation depth of the grating structure can be correlated to the

surface height of the collective grating structure apparent in surface profile obtained from

conventionally processed scanning interferometry signals.

The observed surface height of the collective grating structure is an example of an

"apparent" property of the test surface. In other words, it is example of a property related to

how the test surface appears to the measuring instrument because the test surface includes

under-resolved features. Such apparent properties can be compared to different models of

the expected response of the instrument as parametrized by different values characterizing

the under-resolved features of the test surface. The comparison can reveal which of the

different values yields the expected response most similar to the observed response to

thereby provide information about the under-resolved feature of the test object based on the

apparent property derived from the scanning interferometry signal(s).



The measurement technique and subsequent analysis approach described herein is

applicable to several semiconductor processing steps. With the use of optical proximity

corrections and/or phase shift masks, dimensions of patterned objects can be smaller than the

wavelength used by the optical lithography tool. For example, 193nm lithography tools

pattern 65nm objects in today's high volume manufacturing facilities routinely; the use of

etch bias steps and hard mask structures can extend the lower limit to 45nm and below. With

the ability to print sub wavelength features comes the need to monitor these features and the

associated etch and deposition steps. The embodiments of the current disclosure enable

measurements of the nested patterned structures, where nested is defined as a repeated

surface structure of known shape whose periodicity is comparable to the lateral dimension of

the structure. In particular, these nested structures could be used to monitor the following

process steps: isolation patterning and etch, poly-silicon gate electrode patterning and etch,

source/drain etch and deposition, as well as many front end metallization patterning, etch,

and polish processes. Additional applications include measurements of resist over some

film/substrate. Exposure and focus curves are characterized by line width and depth changes

that are measurable with the inventive apparatus and method.

One example of such in-process metrology measurements of semiconductor chips

include using scanning interferometry measurements for non-contact surface topography

measurements of semiconductor wafers during chemical mechanical polishing (CMP) of a

dielectric layer on the wafer. CMP is used to create a smooth surface for the dielectric layer,

suitable for precision optical lithography. Based on the results of the interferometric

topography methods, the process conditions for CMP (e.g., pad pressure, polishing slurry

composition, etc.) can be adjusted to keep surface non-uniformities within acceptable limits.

We now summarize various aspects and features of the invention.

In general, in one aspect, a method is disclosed including: (i) comparing information

derivable from multiple interferometry signals corresponding to different surface locations of

a test object to information corresponding to multiple models of the test object, wherein the

multiple models are parametrized by a series of characteristics that relate to one or more

under-resolved lateral features of the test object; and (ii) outputting information about the

under-resolved surface feature based on the comparison.

Embodiments of the method may include any of the following features.



The one or more under-resolved lateral features of the test object may correspond to

one or more of a pitch, a modulation depth, and an element width for an under-resolved

patterned lateral structure on the test object. For example, the series of characteristics can

include different values for the modulation depth. Furthermore, the multiple models may be

represented by a correlation that maps possible outcomes for the information derivable from

the multiple interferometry signals to corresponding ones of the different values for the

modulation depth, and the comparing may be determining which of the different values for

the modulation depth best corresponds to the information derivable from the multiple

interferometry signals.

The modulation depth can be expressed relative to bias offset value.

At least some of the interferometry signals may be derived from an illumination of

the test object whose polarization is oriented with respect to the elements of the patterned

lateral structure. For example, the polarization may be a linear polarization aligned

orthogonal to the length of the individual elements that define the patterned lateral structure.

(Referred to in the specification as "x-polarization.")

The one or more under-resolved lateral features of the test object may correspond to

one or more of a height and a position of a step on the test object. For example, the series of

characteristics may include different values for the height or position of the step height.

The information derivable from the multiple interferometry signals may include one

or more values extracted from a height profile for the test object derived from the multiple

interferometry signals, wherein the under-resolved surface feature is obscured or does not

apparent in the extracted height profile. For example, the test object can include a patterned

lateral structure whose individual element are obscured or do not apparent in the extracted

surface height profile.

The information derivable from the multiple interferometry signals may be a value for

a height for a collection of under-resolved elements in the patterned lateral structure

extracted from the height profile. The information about the under-resolved surface feature

may correspond to one or more of a modulation depth and an element width for the patterned

lateral structure.

The different surface locations for the interferometry signals may include a reference

portion of the test object providing a reference height value for the extracted height profile.



For example, the test object may be etched to produce the patterned structure, and the

reference portion of the test object may be a portion of the test object known to not be etched.

At least some of the interferometry signals from which the height profile is

determined may be derived from an illumination of the test object whose polarization is

oriented with respect to the elements of the patterned lateral structure. For example, the

polarization may be a linear polarization aligned orthogonal to the length of the individual

elements that define the patterned lateral structure (x-polarization).

The height profile may be obtained from a frequency domain analysis of the

interferometry signals. Alternatively, the height profile may be obtained from a relative

position of a coherence peak in each interferometry signal. The height profile may also be

obtained using other methods.

The under-resolved lateral features of the test object may have a feature size smaller

than 400 run, smaller than 200 nm, or even smaller than 100 nm.

The models may be generated computationally using rigorous coupled wave analysis

(RCWA).

The models may be generated empirically from test objects having known properties.

The information about the under-resolved surface feature may be outputted to a user.

The information about the under-resolved surface feature may be outputted to an

automated process control system for semiconductor manufacturing.

The interferometry signals may be scanning interferometry signals. For example, the

scanning interferometry signal may be produced by imaging test light emerging from the test

object to interfere with reference light on a detector, and varying an optical path length

difference from a common source to the detector between interfering portions of the test and

reference light, wherein the test and reference light are derived from the common source, and

wherein the scanning interferometry signal corresponds to an interference intensity measured

by the detector as the optical path length difference is varied. The method may further

include producing the scanning interferometry signal.

Such scanning interferometry signals may be low-coherence scanning interferometry

signals. For example, the test and reference light can have a spectral bandwidth greater than

5% of a central frequency for the test and reference light, and the optical path length

difference is varied over a range larger than the spectral coherence length corresponding to



that bandwidth to produce the scanning interferometry signal. The low coherence may also

result when the optics used to direct test light onto the test object and image it to the detector

define a numerical aperture for the test light greater than 0.8. To reduce the coherence

length, the common source can be a spatially extended source.

In another related aspect, an apparatus is disclosed including: a computer readable

medium having a program that causes a processor in a computer to compare information

derivable from multiple interferometry signals corresponding to different surface locations of

a test object to information corresponding to multiple models of the test object, wherein the

multiple models are parametrized by a series of characteristics that relate to one or more

under-resolved lateral features of the test object, and output information about the under-

resolved surface feature based on the comparison.

In another related aspect, an apparatus is disclosed including: (i) an interferometry

system configured to produce multiple interferometry signals corresponding to different

surface locations of a test object; and (ii) an electronic processor coupled to the

interferometry system to receive the interferometry signals and programmed to compare

information derivable from the multiple interferometry signals to information corresponding

to multiple models of the test object, wherein the multiple models are parametrized by a

series of characteristics that relate to one or more under-resolved lateral features of the test

object, and output information about the under-resolved surface feature based on the

comparison.

Embodiments of the two apparatus may include any of the features described above

for the corresponding method.

In another aspect, a method is disclosed for determining one or more spatial

properties of a grating structure on a test object, wherein the grating structure includes line

elements having widths smaller than 400 nm so that the line elements are not fully resolved

by an interference microscope. The method including: (i) determining an apparent height

for a collection of at least some of the grating lines from interference signals at different

locations of the test object measured by the interference microscope; (ii) providing an

expected response for the interference microscope for different possible values for the

properties of the grating structure, wherein the expected response includes contributions from

under-resolved line elements of the grating structure; (iii) comparing the apparent height to



the expected response for the different possible values to determine information about the

spatial properties of a grating structure; and (iv) outputting the determined information about

the spatial properties of the grating structure.

In addition to features mentioned above, embodiments of this method may include '

any of the following features.

The apparent height may be determined with reference to a reference portion of the

test object.

The interference microscope may illuminate the grating structure with light polarized

orthogonal to length of the individual grating lines (x-polarization) when determining the

apparent height.

The determined information about the spatial properties of the grating structure may

correspond to a modulation depth for the grating structure.

The grating structure may be a series of periodically spaced lines formed at least in

part by etching portions of the test object between the lines.

The interference signals may be scanning interference signals produced by imaging

test light emerging from the test object to interfere with reference light on a detector, and

varying an optical path length difference from a common source to the detector between

interfering portions of the test and reference light, wherein the test and reference light are

derived from the common source, and wherein each scanning interferometry signal

corresponds to an interference intensity measured by the detector as the optical path length

difference is varied. For example, the optical path length difference may be varied over a

range larger than the coherence length of the interference microscope.

In a related aspect, an apparatus is disclosed for determining one or more spatial

properties of a grating structure on a test object, wherein the grating structure includes line

elements having widths smaller than 400 nm so that the line elements are not fully resolved

by an interference microscope, the apparatus including: a computer readable medium having

a program that causes a processor in a computer to: 1) determine an apparent height for a

collection of at least some of the grating lines from interference signals at different locations

of the test object measured by the interference microscope; 2) provide an expected response

for the interference microscope for different possible values for the properties of the grating

structure, wherein the expected response includes contributions from under-resolved line



elements of the grating structure; 3) compare the apparent height to the expected response for

the different possible values to determine information about the spatial properties of a grating

structure; and 4) output the determined information about the spatial properties of the grating

structure.

In another related aspect, an apparatus is disclosed for determining one or more

spatial properties of a grating structure on a test object, wherein the grating structure includes

line elements having widths smaller than 400 nm so that the line elements are not fully

resolved by an interference microscope, the apparatus including: the interference

microscope; and an electronic processor coupled to the interference microscope and

programmed to: 1) determine an apparent height for a collection of at least some of the

grating lines from interference signals at different locations of the test object measured by the

interference microscope; 2) provide an expected response for the interference microscope for

different possible values for the properties of the grating structure, wherein the expected

response includes contributions from under-resolved line elements of the grating structure; 3)

compare the apparent height to the expected response for the different possible values to

determine information about the spatial properties of a grating structure; and 4) output the

determined information about the spatial properties of the grating structure.

Embodiments of the two apparatus may include any of the features described above

for the corresponding method.

In another aspect, a method is disclosed: (i) determining one or more apparent

properties of a test surface from interferometry signals produced by an interferometry

system; (ii) comparing the apparent properties determined from the interferometry signals to

an expected response for the interferometry system for different possible values for one or

more under-resolved features of the test surface; and (iii) outputting information about the

one or more under-resolved features of the test surface based on the comparison.

In addition to features mentioned above, embodiments of this method may include

any of the following features.

The interferometry system may be a scanning interferometry system.

The apparent properties of the test surface may be determined from the interferometry

signal based on variations in any of interference phase, interference contrast, and surface

reflectivity.



The expected response may be calculated for variations in one or more of surface

height and surface composition.

The test surface may include a patterned structure having a modulation depth, a

periodicity, and elements having a width, wherein the expected response is calculated for

variations in one or more of the modulation depth, the periodicity, and element width. For

example, the expected response may be calculated for variations in the modulation depth.

The correspondence between the actual modulation depth and the apparent

modulation calculated for the expected response may include a positive correlation over a

first range of actual modulation depths and a negative correlation over a second range of

actual modulation depths.

The information about the one or more under-resolved features may be used to

monitor one or more semiconductor processing steps, such as any of isolation patterning and

etch, poly-silicon gate electrode patterning and etch, source/drain etch and deposition, and

metallization patterning, etch, and polish processing.

In another related aspect, an apparatus is disclosed including: a computer readable

medium having a program that causes a processor in a computer to: 1) determine one or more

apparent properties of a test surface from interferometry signals produced by an

interferometry system; 2) compare the apparent properties determined from the

interferometry signals to an expected response for the interferometry system for different

possible values of one or more under-resolved features of the test surface; and 3) output

information about the one or more under-resolved features of the test surface based on the

comparison.

In another related aspect, an apparatus is disclosed including: an interferometry

system configured to produce multiple interferometry signals corresponding to different

surface locations of a test object; and an electronic processor coupled to the interferometry

system to receive the interferometry signals and programmed to: 1) determine one or more

apparent properties of a test surface from the interferometry signals; 2) compare the apparent

properties determined from the interferometry signals to an expected response for the

interferometry system for different possible values of one or more under-resolved features of

the test surface; and 3) output information about the one or more under-resolved features of

the test surface based on the comparison.



Embodiments of the two apparatus may include any of the features described above

for the corresponding method.

In another aspect, a method is disclosed including: (i) determining one or more

apparent properties of a test surface from an interferometry signal (e.g., a scanning

interferometry signal) produced by an interferometry system; (ii) providing an expected

response for the interferometry system for different possible values of the properties of the

test surface (for example, variations in one or more of surface height and surface

composition), wherein the expected response includes contributions from underresolved

features of the test surface; and (iii) comparing the apparent properties determined from the

interferometry signal to the expected response for the different values of the properties to

improve the accuracy of the determined properties.

Embodiments of the method may include any of the following features.

The apparent properties of the test surface can be determining from the interferometry

signal based on variations in any of interference phase, interference contrast, and surface

reflectivity.

The expected response can be calculated for variations in one or more of surface

height and surface composition. For example, the test surface can include a patterned

structure (e.g., a grating) having a modulation depth, a periodicity, and elements having a

width, and wherein the expected response is calculated for variations in one or more of the

modulation depth, the periodicity, and element width.

The correspondence between the apparent property associated with the interferometry

signal and the actual values of the property used to generate models can include a positive

correlation over a first range of actual modulation depths and a negative correlation over a

second range of actual modulation depths. For example, in a specific embodiment, the

expected response is calculated for variations in the modulation depth. In such cases, the

correspondence between the actual modulation depth and the apparent modulation calculated

for the expected response can include a positive correlation over a first range of actual

modulation depths and a negative correlation over a second range of actual modulation

depths.

In further embodiments, the underresolved feature can be single trench, step, or

protrusion, rather than a series of such elements as in the patterned structure. In such



examples, the information from the actual signal and for models can correspond to any of the

depth (or height for the case of the step or protrusion) and the location or width of the

features.

The method can further include using the improved accuracy of the measured

properties of the test surface to monitor semiconductor processing steps. For example, such

processing steps can include any of isolation patterning and etch, poly-silicon gate electrode

patterning and etch, source/drain etch and deposition, and metallization patterning, etch, and

polish processing.

In another aspect, an apparatus is disclosed including: a computer readable medium

having a program that causes a processor in a computer to compare apparent properties of a

test surface determined from an interferometry signal produced by an interferometry system

to an expected response for the interferometry system for different possible values of the

properties of the test surface, wherein the expected response includes contributions from

underresolved features of the test surface, and improve the accuracy of the determined

properties based on the comparison.

In yet another aspect, an apparatus is disclosed including: an interferometry system

configured to produce an interferometry signal; and an electronic processor coupled to the

interferometry system to receive the interferometry signal and programmed to compare

apparent properties of a test surface determined from an interferometry signal produced by an

interferometry system to an expected response for the interferometry system for different

possible values of the properties of the test surface, wherein the expected response includes

contributions from underresolved features of the test surface, and improve the accuracy of the

determined properties based on the comparison.

Embodiments of such apparatus can further include features corresponding to any of

those mentioned above in conjunction with the corresponding method.In general, in another

aspect, the invention features a method including: comparing information derivable from a

scanning interferometry signal for a first surface location of a test object to information

corresponding to multiple models of the test object, wherein the multiple models are

parametrized by a series of characteristics for the test object.

Embodiments of the invention may include any of the following features.



The method may further include determining an accurate characteristic for the test

object based on the comparison.

The method may further include determining a relative surface height for the first

surface location based on the comparison. Furthermore, the determining of the relative

surface height may include determining which model corresponds to an accurate one of the

characteristic for the test object based on the comparison, and using the model corresponding

to the accurate characteristic to calculate the relative surface height.

For example, the using of the model corresponding to the accurate characteristic may

include compensating data from the scanning interferometry signal to reduce contributions

arising from the accurate characteristic. The compensating of the data may include removing

a phase contribution arising from the accurate characteristic from a phase component of a

transform of the scanning interferometry signal for the test object, and the using of the model

corresponding to the accurate characteristic may further include calculating the relative

surface height from the phase component of the transform after the phase contribution arising

from the accurate characteristic has been removed.

In another example, using the model corresponding to the accurate characteristic to

calculate the relative surface height may include determining a position of a peak in a

correlation function used to compare the information for the test object to the information for

the model corresponding to the accurate characteristic.

The method may further include comparing information derivable from the scanning

interferometry signal for additional surface locations to the information corresponding to the

multiple models. Also, the method may further include determining a surface height profile

for the test object based on the comparisons.

The comparing may include calculating one or more merit functions indicative of a

similarity between the information derivable from the scanning interferometry signal and the

information corresponding to each of the models.

The comparing may include fitting the information derivable from the scanning

interferometry signal to an expression for the information corresponding to the models.

The information corresponding to the multiple models may include information about

at least one amplitude component of a transform (e.g., a Fourier transform) of a scanning

interferometry signal corresponding to each of the models of the test object. Likewise, the



information derivable from the scanning interferometry signal includes information about at

least one amplitude component of a transform of the scanning interferometry signal for the

test object.

The comparing may include comparing a relative strength of the at least one

amplitude component for the test object to the relative strength of the at least one amplitude

component for each of the models.

The information corresponding to the multiple models may be a function of a

coordinate for the transform. For example, the information corresponding to the multiple

models may include an amplitude profile of the transform for each of the models.

Furthemore, the comparing may include comparing an amplitude profile of a transform of the

scanning interferometry signal for the test object to each of the amplitude profiles for the

models.

The comparing may also include comparing information in a phase profile of the

transform of the scanning interferometry signal for the test object to information in a phase

profilde of the transform for each of the models. For example, the information in the phase

profiles may include information about nonlinearity of the phase profile with respect to the

transform coordinate and/or information about a phase gap value.

The information derivable from the scanning interferometry signal and which is being

compared may be a number. Alternatively, the information derivable from the scanning

interferometry signal and which is being compared may be a function. For example, it may

be a function of scan position or a function of spatial frequency.

The information for the test object may be derived from a transform (e.g., a Fourier

transform) of the scanning interferometry signal for the test object into a spatial frequency

domain. The information for the test object may include information about an amplitude

profile of the transform and/or a phase profile of the transform.

The information for the test object may relate to a shape of the scanning

interferometry signal for the test object at the first location. For example, the information for

the test object may relate to a fringe contrast magnitude in the shape of the scanning

interferometry signal. It may also relate to a relative spacings between zero-crossings in the

shape of the scanning interferometry signal. It may also be expressed as a function of scan



position, wherein the function is derived from the shape of the scanning interferometry

signal.

The comparing may include calculating a correlation function (e.g., a complex

correlation function) between the information for the test object and the information for each

of the models. The comparing may further include determining one or more peak values in

each of the correlation functions. The method may then further include determining an

accurate characteristic for the test object based on the parameterization of the model

corresponding to the largest peak value. Alternately, or in addition, the method may further

include determining a relative surface height for the test object at the first surface location

based on a coordinate for at least one of the peak values in the correlation functions.

The multiple models may correspond to a fixed surface height for the test object at

the first location.

The series of characteristics may include a series of values for at least one physical

parameter of the test object. For example, the test object may include a thin film layer

having a thickness, and the physical parameter may be the thickness of the thin film at the

first location.

The series of characteristics may include a series of characteristics of the test object at

a second surface location different from the first surface location. For example, the test

object may include structure at the second surface location that diffracts light to contribute to

the scanning interferometry signal for the first surface location. In one example, the series of

characteristics at the second surface location may include permutations of a magnitude for a

step height at the second location and a position for the second location. In another example,

the series of characteristics at the second surface location may include permutations of a

modulation depth for a grating and an offset position of the grating, wherein the grating

extends over the second location.

Moreover, the information derivable from the interferometry signal can correspond to

an estimate for the relative surface height of the first surface location. For example, the

estimate of the relative of the first surface location can based on frequency domain analysis

of the interferometry signal, or the estimate of the relative surface height of the first surface

location can be based on a relative position of a coherence peak in the interferometry signal.



The method can further include comparing information derivable from an

interferometry signal for one or more additional surface locations of the test object, including

the second surface location, to the information corresponding to the multiple models of the

test object.

For example, the information derivable from the interferometry signal for the first and

additional surface locations can correspond to a surface height profile for the test object for a

range of surface locations including the first and additional surface locations. Also, the

information corresponding to the multiple models can include a surface height profile

expected to be produced by an interferometry system used to produce the interferometry

signal when using conventional processing of the interferometry signal for each of the

multiple models of the test object, wherein the expected surface height profiles include

contributions from underresolved features that cause the interference signal for the first

surface location to include contributions related to test object features at the second surface

location. For example, the test object can include structure at the second surface location that

diffracts light to contribute to the interferometry signal for the first surface location.

In one example, the test object includes a patterned structure extending over the first

and additional surface locations, and the information derivable from the scanning

interferometry signal for the first and additional surface locations includes an estimate for at

least one of a modulation depth for the patterned structure, a periodicity for the patterned

structure, and a width for each element of the patterned structure.

Likewise, for the example of the patterned structure, the series of characteristics at the

second surface location can include different Values for each of at least one of a modulation

depth for the patterned structure, a periodicity for the patterned structure, and a width for

each element of the patterned structure at the first surface location.

In further embodiments, the underresolved feature can be single trench, step, or

protrusion, rather than a series of such elements as in the patterned structure. In such

examples, the information from the actual signal and for models can correspond to any of the

depth (or height for the case of the step or protrusion) and the location or width of the

features.

The information derivable from the interferometry signal can correspond to an

estimate for the relative surface height of the first surface location, and the series of



characteristics at the second surface location can corresponds to series of values for a relative

surface height at the second surface location.

For example, the test object can include a patterned structure spanning the first and

second surface locations, and the estimate for the relative surface height of the first surface

location corresponds to an estimate for a modulation depth of the patterned structure and the

series of values for the relative surface height at the second surface location also correspond

to the modulation depth for the patterned structure. The multiple models can correlate

different estimates for the modulation depth to corresponding ones of the values to improve

the estimate for the modulation depth.

In some embodiments, the multiple models correlate the information derivable from

the interferometry signal to a corresponding value for the information for the multiple

models, wherein the correspondence varies from a positive correlation to a negative

correlation.

For example, for the case of the patterned structure, the correlation between the

different estimates for the modulation depth and the corresponding values for modulation

depths from the models varies from a positive correlation to a negative correlation.

The method can further include determining an accurate characteristic for the test

object based on the comparison, such as a relative surface height for the first surface location.

For example, the determining of the relative surface height can include determining which

model corresponds to an accurate one of the characteristic for the test object based on the

comparison, and using the model corresponding to the accurate characteristic to determine

the relative surface height.The series of characteristics may be a series of surface materials

for the test object.

The series of characteristics maybe a series of surface layer configurations for the

test object.

The scanning interferometry signal may be produced by a scanning interferometry

system, and the comparing may include accounting for systematic contributions to the

scanning interferometry signal arising from the scanning interferometry system. For

example, the systematic contributions may include information about a dispersion in a phase

change on reflection from components of the scanning interferometry system. Furthermore,

the method may also include comparing information derivable from the scanning



interferometry signal for additional surface locations to the information corresponding to the

multiple models, in which case, the systematic contributions may be resolved for multiple

ones of the surface locations. The method may further include calibrating the systematic

contributions of the scanning interferometry system using another test object having known

properties.

The scanning interferometry signal may produced by imaging test light emerging

from the test object to interfere with reference light on a detector, and varying an optical path

length difference from a common source to the detector between interfering portions of the

test and reference light, wherein the test and reference light are derived from the common

source (e.g., a spatially extended source), and wherein the scanning interferometry signal

corresponds to an interference intensity measured by the detector as the optical path length

difference is varied.

The test and reference light may have a spectral bandwidth greater than about 5% of a

central frequency for the test and reference light.

The common source may have a spectral coherence length, and the optical path length

difference is varied over a range larger than the spectral coherence length to produce the

scanning interferometry signal.

Optics used to direct test light onto the test object and image it to the detector may

define a numerical aperture for the test light greater than about 0.8.

The method may further include producing the scanning interferometry signal.

In another aspect, the invention features an apparatus including: a computer readable

medium having a program that causes a processor in a computer to compare information

derivable from a scanning interferometry signal for a first surface location of a test object to

information corresponding to multiple models for the test object, wherein the multiple

models are parametrized by a series of characteristics for the test object.

The apparatus may include any of the features described above in connection with the

method.

In another aspect, the invention features an apparatus including: a scanning

interferometry system configured to produce a scanning interferometry signal; and an

electronic processor coupled to the scanning interferometry system to receive the scanning

interferometry signal and programmed to compare information derivable from a scanning



interferometry signal for a first surface location of a test object to information corresponding

to multiple models of the test object, wherein the multiple models are parametrized by a

series of characteristics for the test object.

The apparatus may include any of the features described above in connection with the

method.

In general, in another aspect, the invention features a method including: chemically

mechanically polishing a test object; collecting scanning interferometry data for a surface

topography of the test object; and adjusting process conditions for the chemically

mechanically polishing of the test object based on information derived from the scanning

interferometry data. For example, the process conditions maybe pad pressure and/or

polishing slurry composition hi preferred embodiments, adjusting the process conditions

based on the information derived from the scanning interferometry data may include

comparing information derivable from the scanning interferometry signal for at least a first

surface location of a test object to information corresponding to multiple models of the test

object, wherein the multiple models are parametrized by a series of characteristics for the test

object. Analysis of the scanning interferometry signal may further include any of the

features described above with the first-mentioned method.

Unless otherwise defined, all technical and scientific terms used herein have the same

meaning as commonly understood by one of ordinary skill in the art to which this invention

belongs. In case of conflict with publications, patent applications, patents, and other

references mentioned incorporated herein by reference, the present specification, including

definitions, will control.

For example, while scanning interferometry most frequently involves mechanically

scanning of the relative optical path lengths between reference and measurement legs, as

used herein, scanning interferometry is intended to include additional non-mechanical means

for varying the relative optical pathlength. For example, the interferometry signal can be

generating by varying the center wavelength of the light source over a range of wavelengths

in an unequal path length interferometer (i.e., where the nominal optical path length for the

reference and measurement paths differ.) The different wavelengths produce different phase

shifts for the reference and measurement paths because they have different optical path

lengths, thereby varying the phase shifts between the paths.



In addition, while the term "light" can sometimes be understood to be limited to

electromagnetic radiation in the visible spectrum, as used herein, the term "light" is intended

to include electromagnetic radiation in any of ultraviolet, visible, near-infrared, and infrared

spectral regions.

Other features, objects, and advantages of the invention will be apparent from the

following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flow chart of an interferometry method.

FIG. 2 is a flow chart showing a variation of the interferometry method of FIG. 1.

FIG. 3 is a schematic drawing of a Linnik-type scanning interferometer.

FIG. 4 is a schematic drawing of a Mirau-type scanning interferometer.

FIG. 5 is a diagram showing illumination of the test sample through an objective lens.

FIG. 6 shows theoretical Fourier amplitude spectra for scanning interferometry data

in two limits.

FIG. 7 shows two surface types, with and without a thin film

FIG. 8 shows the merit function search procedure for simulation of a SiO2 film on a

Si substrate with the thin film thickness being 0.

FIG. 9 shows the merit function search procedure for simulation of a SiO2 film on a

Si substrate with the thin film thickness being 50 nm.

FIG. 10 shows the merit function search procedure for simulation of a SiO2 film on a

Si substrate with the thin film thickness being 100 nm.

FIG. 11 shows the merit function search procedure for simulation of a SiO2 film on a

Si substrate with the thin film thickness being 300 nm.

FIG. 12 shows the merit function search procedure for simulation of a SiO2 film on a

Si substrate with the thin film thickness being 600 nm.

FIG. 13 shows the merit function search procedure for simulation of a SiO2 film on a

Si substrate with the thin film thickness being 1200 nm.

FIG. 14 shows the surface and substrate profiles determined for a simulation of a

SiO2 on Si thin film in which the film thickness varies uniformly from 0 to 1500 nm in 10-

nm increments per pixel, with the top surface always at zero.



FIG. 15 shows the surface and substrate profiles determined for a simulation identical

to that in FIG. 14 except that random noise has been added (2-bits rms out of an average 128

intensity bits).

FIG. 16 shows surface height profiles determined using conventional FDA analysis

(FIG. 16a) and a library search method described herein (FIG. 16b) for a 2400 line per mm

grating having an actual peak-to-valley modulation depth of 120 run.

FIG. 17 shows distortions caused by an under-resolved step height in a scanning

interference signals for pixels corresponding to various surface locations near the step height.

FIG. 18 shows nonlinear distortions in the frequency domain phase spectra for pixels

corresponding to surface locations to the left (FIG. 18a) and the right (FIG. 18b) of the

under-resolved step height in FIG. 17.

FIG. 19 shows surface height profiles determined using conventional FDA analysis

(FIG. 19a) and a library search method described herein (FIG. Ib) for an under-resolved step

height.

FIG. 20 shows an actual scanning interferometry signal of a base Si substrate without

a thin film.

FIGS. 2 1 and 22 show interference template patterns for a bare Si substrate and a thin

film structure with 1micron of SiO2 on Si, respectively.

FIGS. 23 and 24 show the merit function as a function of scan positions for template

functions in FIGS. 2 1 and 22, respectively.

FIG. 25 is a schematic diagram of an object with under-resolved surface features (a

grating pattern).

FIG. 26 is a graph of the predicted surface profile of the grating pattern in FIG. 25

based on a conventional interferometric analysis.

FIG. 27 is a graph of the apparent modulation depth of the grating in FIG. 25 for a

conventional interferometric analysis as a function of its actual modulation depth.

FIG. 28 is a graph showing theoretical and experimental instrument transfer functions

of a typical white light scanning interferometer.

FIGS. 29a-c show schematic diagrams of the a grating structure and one embodiment

of the under-resolved surface measurement technique disclosed herein.



FIG. 30a shows a schematic of a model structure of 5 pure Si grating lines (no top

film layers), width W=\ 20nm and pitch JX320nm. FIG. 30b shows a rigorous coupled wave

analysis (RCWA) showing the scanning interferometry signal (in z-direction) for the model

structure. This is for a y polarization, parallel to the lines, which is more sensitive to the tops

of the lines than the areas.

FIGS. 31a and 31b show the scanning interferometry signal for the center pixel in

FIG. 30 and for x- and y-polarization, respectively.

FIGS. 32a and 32b are surface height profiles derived from an FDA analysis of the

signals in FIG. 30 for the x- (orthogonal to grating lines) and y-polarizations (parallel to

grating lines), respectively.

FIGS. 33a and 33b are graphs showing the results of the RCWA analysis for the

apparent etch depth E ' = H ' - E as extracted from simulated scanning interferometry data as

a function of different actual etch depth E for the y-polarization (parallel to grating lines)

and x- (orthogonal to grating lines), respectively. The E ' = E line is for reference.

FIGS. 34a and 34b are graphs showing the corresponding signal strength for the

different actual etch depths E for the y-polarization (parallel to grating lines) and x-

(orthogonal to grating lines), respectively.

FIG. 35 is an alternative graph of the same data as in FIG. 33b that shows the

measurement bias or offset E-E' as a function of the measured step height —E' for the

silicon grating.

FIG. 36 is a graph that shows the RCWA predictions for the measured etch depth

E ' = H ' - E as a function of the actual etch depth E for the silicon grating, with circularly

polarized light, in comparison with a one-to-one correspondence line.

FIGS. 37a and 37b are graphs that show the RCWA predictions for the measured

(apparent) etch depth E ' = H'-E as a function of the feature width W for an etch depth

E =100nm and pitch £=320nm, for the five-line silicon grating for y - and x-polarization,

respectively. The solid line marks the etch depth in both graphs, for reference.

FIG. 38 is a schematic diagram of an interferometry system showing how various

components of the system can be under automated control.

Like reference numerals in different drawings refer to common elements.



DETAILED DESCRIPTION

FIG. 1 shows a flow chart that generally describes one embodiment of the invention

in which the analysis of the scanning interferometry data is performed in the spatial

frequency domain.

Referring to FIG. 1, to measure data from a test object surface an interferometer is

used to mechanically or electro-optically scan the optical path difference (OPD) between a

reference and measurement path, the measurement path being directed to an object surface.

The OPD at the beginning of the scan is a function of the local height of the object surface.

A computer records an interference intensity signal during the OPD scan for each of multiple

camera pixels corresponding to different surface locations of the object surface. Next, after

storing interference intensity signal as a function of OPD scan position for each of the

different surface locations, the computer performs a transform (e.g., a Fourier Transform) to

generate a frequency-domain spectrum of the signal. The spectrum contains both magnitude

and phase information as a function of the spatial frequency of the signal in the scanning

dimension. For example, a suitable frequency domain analysis (FDA) for generating such a

spectrum is disclosed in commonly owned U.S. Patent 5,398,1 13 by Peter de Groot and

entitled "Method and Apparatus for Surface Topography Measurements by Spatial-

Frequency Analysis of Interferograms," the contents of which are incorporated herein by

reference.

In a separate step, the computer generates a library of theoretical predictions for

frequency-domain spectra for a variety of surface parameters and a model for the

interferometer. These spectra may for example cover a range of possible thin film

thicknesses, surface materials, and surface textures i preferred embodiments, the computer

generates library spectra for a constant surface height, e.g. height = zero. Thus, in such

embodiments, the library contains no information regarding surface topography, only

information relative to the type of surface structure and the interaction of this surface

structure, the optical system, the illumination, and detection system when generating

distinctive features of the frequency-domain spectra. As an alternative, the prediction library

may be generated empirically, using sample artifacts. As another alternative, the library

may use information from prior supplemental measurements of the object surface provided

by other instruments, for example an ellipsometer, and any other input from a user regarding



known properties of the object surface, so as to reduce the number of unknown surface

parameters. Any of these techniques for library creation, theoretical modeling, empirical

data, or theory augmented by supplemental measurements, may be expanded by interpolation

to generate intermediate values, either as part of the library creation or in real time during a

library search.

In a next step, the experimental data is compared to the prediction library by means of

a library search that provides surface structure parameters. In the example case of a film of

unknown thickness, the library for a single surface type, e.g. SiO2 on Si, would range over

many possible film thicknesses with the top surface height always equal to zero. Another

example case would be surface roughness, for which the adjustable parameter may be

roughness depth and/or spatial frequency. The library search leads to a match to those

characteristics of the FDA spectra that are independent of surface height, for example, the

average value of the magnitude spectrum, which is related to the overall reflectivity of the

surface, or the variation in magnitude as a function of spatial frequency, which in a

monochromatic high-NA system relates to the scattering angle of the reflected light.

The analysis may also include a system characterization, which includes, e.g.

measuring one or more reference artifacts having a known surface structure and surface

topography, so as to determine parameters such as system wavefront error, dispersion, and

efficiency that may not be included in the theoretical model.

Furthermore, the analysis may include an overall calibration, which includes e.g.,

measuring one or more reference artifacts to determine the correlation between measured

surface parameters, such as film thickness as determined by the library search, and the values

for these parameters as determined independently, e.g. by ellipsometric analysis.

Based on the comparison of the experimental data to the prediction library, the

computer identifies the surface model corresponding to the best match. It may then displays

or transmits surface parameter results numerically or graphically to the user or to a host

system for further analysis or for data storage. Using the surface parameter results, the

computer may then determine surface height information in addition to characteristics

identified by the library search. In some embodiments, the computer generates a

compensated phase spectrum, for example by subtracting the corresponding theoretical phase

spectrum directly from the experimental phase spectrum. The computer then determines the



local surface height for one or more surface points by analysis of the compensated phase as a

function of spatial frequency, for example by analysis of the coefficients generated by a

linear fit. Thereafter, the computer generates a complete three-dimensional image

constructed from the height data and corresponding image plane coordinates, together with

graphical or numerical display of the surface characteristics as determined by the library

search.

In some cases, the library search and data collection can be performed iteratively to

further improve the results. Specifically, the library search can be refined on a pixel-by-pixel

or regional basis, by the creation of refined libraries relevant to the local surface type. For

example, if it is found that the surface has a thin film of approximately 1 micron during a

preliminary library search, then the computer may generate a fine-grain library of example

values close to 1 micron to further refine the search.

In further embodiments, the user may only be interested in the surface characteristics

modeled by the prediction library, but not surface height, in which case the steps for

determining surface height are not performed. Conversely, the user may only be interested in

surface height, but not the surface characteristics modeled in the prediction library, in which

case the computer uses the comparison between the experimental data and the prediction

library to compensate the experimental data for the contributions of the surface

characteristics, so that the surface height is more accurately determined, but need not

explicitly determine the surface characteristics or display them.

The analysis maybe applied to a variety of surface analysis problems, including:

simple thin films (in which case, for example, the variable parameter of interest may be the

film thickness, the refractive index of the film, the refractive index of the substrate, or some

combination thereof); multilayer thin films; sharp edges and surface features that diffract or

otherwise generate complex interference effects; unresolved surface roughness; unresolved

surface features, for example, a sub-wavelength width groove on an otherwise smooth

surface; dissimilar materials (for example, the surface may comprise a combination of thin

film and a solid metal, in which case the library may include both surface structure types and

automatically identify the film or the solid metal by a match to the corresponding frequency-

domain spectra); optical activity such as fluorescence; spectroscopic properties of the

surface, such as color and wavelength-dependent reflectivity; polarization-dependent



properties of the surface; deflections, vibrations or motions of the surface or deformable

surface features that result in perturbations of the interference signal; and data distortions

related to the data acquisition procedure, e.g. a data acquisition window that does not fully

encompass the interference intensity data.

The interferometer may include any of the following features: a spectrally narrow¬

band light source with a high numerical aperture (NA) objective; a spectrally broad band

light source; a combination of a high NA objective and a spectrally broadband source; an

interferometric microscope objectives, including oil/water immersion and solid immersion

types, in e.g. Michelson, Mirau or Linnik geometries; a sequence of measurements at

multiple wavelengths; unpolarized light; and polarized light, including linear, circular, or

structured. For example, structured polarized light may involve, for example, a polarization

mask, generating different polarizations for different segments of the illumination or imaging

pupils, so as to reveal polarization-dependent optical effects attributable to surface

characteristics. The interferometer may also include the overall system calibration, described

above.

In comparing the theoretical and experimental data, the library search may be based

on any of the following: a product of, or a difference between, magnitude and/or phase data

in the frequency spectrum, including, e.g., the product of, or difference between, the average

magnitude and the average phase, the average magnitude itself, and the average phase itself;

the slope, width and/or height of the magnitude spectrum; interference contrast; data in the

frequency spectrum at DC or zero spatial frequency; nonlinearity or shape of the magnitude

spectrum; the zero-frequency intercept of the phase; nonlinearity or shape of the phase

spectrum; and any combination of these criteria. Note that as used herein magnitude and

amplitude are used interchangeably.

FIG. 2 shows a flow chart that generally describes another embodiment for the

analysis of scanning interferometry data. The analysis is similar to that described for FIG. 1

except that comparison between the experimental data and the prediction library is based on

information in scan coordinate domain. The experimental signal may be characterized by a

quasi-periodic carrier oscillation modulated in amplitude by an envelope function with

respect to the scan coordinate. In comparing the theoretical and experimental data, the

library search may be based on any of the following: average signal strength; the shape of



the signal envelope, including e.g. deviation from some ideal or reference shape such as a

gaussian; the phase of the carrier signal with respect to the envelope function; the relative

spacing of zero crossings and/or signal maxima and minima; values for maxima and minima

and their ordering; peak value of the correlation between the library and measured signals,

after adjusting for optimal relative scan position; and any combination of these criteria.

Furthermore, in additional embodiments, the information compared to the library

models can be derived from experimental signals from multiple surface locations. This can

be especially useful when the test object includes under-resolved surface features because the

experimental information compared to the library models can correspond to a collective

surface response of the test surface to interferometric measurement. For example, the

information derived from the experimental signals from multiple surface locations can be a

surface profile of the test surface obtained from conventional processing of the

interferometry signals, or information derived from the surface profile. Such processing

yield only apparent properties of the test surface because the under-resolved features will be

obscured. Nonetheless, the under-resolved features can still leave signatures in the apparent

surface profile that can be correlated to more accurate information about the under-resolved

features by comparing the apparent properties to corresponding models of the test object that

are parametrized by values characterizing the under-resolved features.

Moreover, the test object can also include certain reference structures that can be

involved in the comparison of the apparent features to the library models. For example,

when comparing the apparent surface height profile of a etched grating pattern whose

individual lines are under-resolved to various models, a portion of the test object that is

known to not be etched can provide a reference point for the apparent surface height in the

grating portion of the test object.

Thus, in certain embodiments, an interferometric profiler having both a measurement

and reference beam, for example a broadband or low coherence interferometer, is used to

measure characteristics of a complex, unresolved surface structure such as may be found on a

patterned semiconductor wafer. The profiler interprets variations in interference phase,

contrast and/or surface reflectivity as variations in apparent measured surface height. In a

separate step, data processing means calculate the expected response of the profile to possible

variations in actual surface height and/or surface composition of the surface, including



unresolved surface structures. Then, data processing means determine a true surface

characteristic by comparing the apparent measured surface height to the expected response of

the profiler to possible variations in actual surface height, unresolved surface structure and/or

surface composition.

Prior to, during or after the data acquisition above, the data processor calculates the

expected response of the instrument to possible variations in actual surface height and/or

surface composition of the surface, including unresolved surface structures. Figure 25 is an

example of an object having unresolved surface features for visible-wavelength (400-700nm

wavelength) interferometry. Specifically, Figure 25 shows array of elements (also referred to

herein as a patterned structure or a grating structure). The unresolved surface features have a

height H above an adjacent surface S , a separation / and a width d . The height H is also

referred to herein as a modulation depth for the patterned structure. By "unresolved" it is

meant that the individual features are not fully separated in the surface profile image, they

have the incorrect profile and or the height is incorrect, as a consequence of the limited

lateral resolution of the instrument.

Figure 26 illustrates a predicted response for the unresolved features on the Figure 25

object, for a visible-wavelength interferometer (560nm center wavelength, 1lOnm bandwidth

full width half maximum) and an objective NA of 0.8, using the Rayleigh Hypothesis

technique (described further below). The surface structures are unresolved, resulting in an

apparent measured surface profile that does not resemble at all the actual surface structure.

For this calculation, the height H =20nm, the separation / =200nm and a width d =120nm.

Figure 27 shows how the unresolved measured profile of Figure 26 as a function of the actual

height H of the features. Noteworthy is that the relationship between the measured and true

height is complicated and even negatively correlated above 40nm. This latter phenomenon

can be explained as the difficulty in coupling light into the narrow, sub-wavelength trenches

After data acquisition and after calculating the expected system response, the data

processor determines a true surface characteristic by comparing the apparent measured

surface height to the expected response of the inventive apparatus to possible variations in

actual surface height, unresolved surface structure and/or surface composition. Following

the example of Figure 25 through Figure 27, this involves determining the relationship

between the actual height H and the apparent measured height, as shown in Figure 27, and



determining the actual height from the measurement result using knowledge of this

relationship. Alternative measurement modalities, such as determining the width d and

separation / . As discussed further below, polarizing the objective can also increase

sensitivity to specific parameters such as etch depth, as can using an alternative light source

to change the illumination wavelength and thereby adjust the sensitivity range.

Many processing techniques can be used to extract the apparent property or properties

(e.g., apparent surface profile) from the scanning interferometry data. For example,

conventional techniques include identifying, for each pixel, the position corresponding to the

peak or center of the fringe contrast envelope or to use, for each pixel, frequency domain

analysis (FDA) and associate the rate of change of phase with wavelength as directly

proportional to surface height (see, for example, U.S. Patent No. 5,398,133). hi addition, it is

also possible to use more advanced processing techniques that try to remove thin film effects

from the interferometry signals, such as disclosed in U.S. Patent Publication No. US-2005-

00783 18-Al entitled "METHODS AND SYSTEMS FOR INTERFEROMETRIC

ANALYSIS OF SURFACES AND RELATED APPLICATIONS," by Peter de Groot or

commonly owned U.S. Patent Application No. 11/437,002 entitled "METHOD AND

SYSTEM FOR ANALYZING LOW-COHERENCE INTERFEROMETRY SIGNALS FOR

INFORMATION ABOUT THIN FILM STRUCTURES" by Peter de Groot and filed May

18, 2006, the contents of both applications being incorporated herein by reference. Of

course, the model library used for comparison should take into account the processing

technique used to extract the experimentally derived information. In what follows we

provide a detailed mathematical description of the analyses and provide examples. First, we

describe exemplary scanning interferometers. Second, we determine a mathematical model

for scanning interferometry data. Third, we describe optical properties of surfaces and how

to use such information to generate accurate models of scanning interferometry data for

different surface characteristics. Fourth, we describe how experimental interferometry data

can be compared to the prediction library to provide information about the test object.

Initially, we will describe thin film applications, and later we will describe applications to

other complex surface structures, specifically, optically under-resolved step heights and

grating patterns. Also, we will initially focus on analyses in the spatial frequency domain,

and later we will describe analyses in the scan coordinate domain. Thereafter, we will



describe additional examples of techniques for extracting information about under-resolved

surface features from the interferometry signals such as in the example of Figures 25-27

above.

FIG. 3 shows a scanning interferometer of the Linnik type. Illumination light 102

from a source (not shown) is partially transmitted by a beam splitter 104 to define reference

light 106 and partially reflected by beam splitter 104 to define measurement light 108. The

measurement light is focused by a measurement objective 110 onto a test sample 112 (e.g., a

sample comprising a thin single- or multi-layer film of one or more dissimilar materials).

Similarly, the reference light is focused by a reference objective 114 onto a reference mirror

116. Preferably, the measurement and reference objectives have common optical properties

(e.g., matched numerical apertures). Measurement light reflected (or scattered or diffracted)

from the test sample 112 propagates back through measurement objective 110, is transmitted

by beam splitter 104, and imaged by imaging lens 118 onto a detector 120. Similarly,

reference light reflected from reference mirror 116 propagates back through reference

objective 114, is reflected by beam splitter 104, and imaged by imaging lens 118 onto a

detector 120, where it interferes with the measurement light.

For simplicity, FIG. 3 shows the measurement and reference light focusing onto

particular points on the test sample and reference mirror, respectively, and subsequently

interfering on a corresponding point on the detector. Such light corresponds to those portions

of the illumination light that propagate perpendicular to the pupil planes for the measurement

and reference legs of the interferometer. Other portions of the illumination light ultimately

illuminate other points on the test sample and reference mirror, which are then imaged onto

corresponding points on the detector. In FIG. 3, this is illustrated by the dashed lines 122,

which correspond to the chief rays emerging from different points on the test sample that are

imaged to corresponding points on the detector. The chief rays intersect in the center of the

pupil plane 124 of the measurement leg, which is the back focal plane of measurement

objective 110. Light emerging from the test sample at an angle different from that of the

chief rays intersect at a different location of pupil plane 124.

In preferred embodiments, detector 120 is a multiple element (i.e., multi-pixel)

camera to independently measure the interference between the measurement and reference



light corresponding to different points on the test sample and reference mirror (i.e., to

provide spatial resolution for the interference pattern).

A scanning stage 126 coupled to test sample 112 scans the position of the test sample

relative to measurement objective 110, as denoted by the scan coordinate ζ in FIG. 3 . For

example, the scanning stage can be based on a piezoelectric transducer (PZT). Detector 120

measures the intensity of the optical interference at one or more pixels of the detector as the

relative position of the test sample is being scanned and sends that information to a computer

128 for analysis.

Because the scanning occurs in a region where the measurement light is being

focused onto the test sample, the scan varies the optical path length of the measurement light

from the source to the detector differently depending on the angle of the measurement light

incident on, and emerging from, the test sample. As a result, the optical path difference

(OPD) from the source to the detector between interfering portions of the measurement and

reference light scale differently with the scan coordinate ζ depending on the angle of the

measurement light incident on, and emerging from, the test sample. In other embodiments of

the invention, the same result can be achieved by scanning the position of reference mirror

116 relative to reference objective 114 (instead of scanning test sample 112 realtive to

measurement objective 110).

This difference in how OPD varies with the scan coordinate ζ introduces a limited

coherence length in the interference signal measured at each pixel of the detector. For

example, the interference signal (as a function of scan coordinate) is typically modulated by

an envelope having a spatial coherence length on the order of XJl[NA) , where λ is the

nominal wavelength of the illumination light and NA is the numerical aperture of the

measurement and reference objectives. As described further below, the modulation of the

interference signal provides angle-dependent information about the reflectivity of the test

sample. To increase the limited spatial coherence, the objectives in the scanning

interferometer preferably define a large numerical aperture, e.g., greater than about 0.7 (or

more preferably, greater than about 0.8, or greater than about 0.9). The interference signal

can also be modulated by a limited temporal coherence length associated with the spectral

bandwidth of the illumination source. Depending on the configuration of the interferometer,



one or the other of these limited coherence length effects may dominate, or they may both

contribute substantially to the overall coherence length.

Another example of a scanning interferometer is the Mirau-type interferometer shown

in FIG. 4.

Referring to FIG. 4, a source module 205 provides illumination light 206 to a beam

splitter 208, which directs it to a Mirau interferometric objective assembly 210. Assembly

210 includes an objective lens 2 11, a reference flat 212 having a reflective coating on a small

central portion thereof defining a reference mirror 215, and a beam splitter 213. During

operation, objective lens 2 11 focuses the illumination light towards a test sample 220 through

reference flat 212. Beam splitter 213 reflects a first portion of the focusing light to reference

mirror 215 to define reference light 222 and transmits a second portion of the focusing light

to test sample 220 to define measurement light 224. Then, beam splitter 213 recombines the

measurement light reflected (or scattered) from test sample 220 with reference light reflected

from reference mirror 215, and objective 2 11 and imaging lens 230 image the combined light

to interfere on detector (e.g., a multi-pixel camera) 240. As in the system of FIG. 3, the

measurement signal(s) from the detector is sent to a computer (not shown).

The scanning in the embodiment of FIG. 4 involves a piezoelectric transducer (PZT)

260 coupled to Mirau interferometric objective assembly 210, which is configured to scan

assembly 210 as a whole relative to test sample 220 along the optical axis of objective 2 11 to

provide the scanning interferometry data l (ζ ,h) at each pixel of the camera. Alternatively,

the PZT may be coupled to the test sample rather than assembly 210 to provide the relative

motion there between, as indicated by PZT actuator 270. In yet further embodiments, the

scanning may be provided by moving one or both of reference mirror 215 and beam splitter

213 relative to objective 2 11 along the optical axis of objective 2 11.

Source module 205 includes a spatially extended source 201, a telescope formed by

lenses 202 and 203, and a stop 204 positioned in the front focal plane of lens 202 (which

coincides with the back focal plane of lens 203). This arrangement images the spatially

extended to source onto the pupil plane 245 of Mirau interferometric objective assembly 210,

which is an example of Koehler imaging. The size of stop controls the size of the

illumination field on test sample 220. The system can also include an aperture stop (not

shown) positioned between beam splitter 208 and interference objective assembly 210. In



other embodiments, the source module may include an arrangement in which a spatially

extended source is imaged directly onto the test sample, which is known as critical imaging.

Either type of source module may be used with the Linnik-type scanning interferometry

system of FIG. 3.

In further embodiments of the invention, the scanning interferometry system may

used to determine angle-dependent scattering or diffraction information about a test sample,

i.e., for scatterometry. For example, the scanning interferometry system may be used to

illuminate a test sample with test incident over only a very narrow range of incident angles

(e.g., substantially normal incidence or otherwise collimated), which may then be scattered or

diffracted by the test sample. The light emerging from the sample is imaged to a camera to

interfere with reference light as described above. The spatial frequency of each component

in the scanning interferometry signal will depend vary with angle of the test light emerging

from the test sample. Thus, a vertical scan (i.e., a scan along the optical axis of an objective)

followed by Fourier analysis allows for a measurement of diffracted and/or scattered light as

a function of emerging angle, without directly accessing or imaging the back focal plane of

the objective. To provide the substantially normal incidence illumination, for example, the

source module can be configured to image a point source onto the pupil plane or to otherwise

decrease the degree to which the illumination light fills the numerical aperature of the

measurement objective. The scatterometry technique may be useful for resolving discrete

structures in the sample surface, such as grating lines, edges, or general surface roughness,

which may diffract and/or scatter light to higher angles.

In much of the analysis herein, it is assumed that the polarization state of the light in

the pupil plane is random, i.e., comprised of approximately equal amounts of both s

polarizations(orthogonal to the plane of incidence) andp (orthogonal to the plane of

incidence) polarizations. Alternative polarizations are possible, including pure s polarization,

such as may be realized by means of a radial polarizer placed in the pupil plane (e.g., in the

back-focal plane of the measurement object in the case of a Linnik interferometer and in the

back focal plane of the common objective in the Mirau interferometer). Other possible

polarizations include radial p polarization, circular polarization, and modulated (e.g. two

states, one following the other) polarization for ellipsometric measurements. In other words,

optical properties of the test sample can be resolved not only with respect to their angle- or



wavelength-dependence, but also with respect to their polarization dependence or with

respect to a selected polarization. Such information may also be used to improve the

accuracy of thin film structure characterization.

To provide such ellipsometry measurements, the scanning interferometry system may

include a fixed or variable polarizer in the pupil plane. Referring again to FIG. 4, the Mirau-

type interferometry system, for example, includes polarization optics 280 in the pupil plane

to select a desired polarization for the ligh incident on, and emerging from the test sample.

Furthermore, the polarization optics may be reconfigurable to vary the selected polarization.

The polarization optics may include one or more elements including polarizers, waveplates,

apodization apertures, and/or modulation elements for selecting a given polarization.

Furthermore, the polarization optics may be fixed, structured or reconfigurable, for the

purpose of generating data similar to that of an ellipsometer. For example, a first

measurement with a radially-polarized pupil for s polarization, followed by a radially-

polarized pupil for p polarization, m another example, one may use an apodized pupil plane

with linearly polarized light, e.g., a slit or wedge, which can be rotated in the pupil plane so

as to direct any desired linear polarization state to the object, or a reconfigurable screen such

as a liquid crystal display.

Moreover, the polarization optics may provide a variable polarization across the pupil

plane (e.g., by including multiple polarizers or a spatial modulator). Thus, one can "tag" the

polarization state according to spatial frequency, for example, by providing a different

polarization for high angles of incidence than shallow angles.

In yet further embodiments, the selectable polarization may be combined with a phase

shift as a function of polarization. For example, the polarization optics may include a linear

polarizer is positioned in the pupil plane and followed by two waveplates (e.g., eighth-wave

plates) in opposing quadrants of the pupil plane. The linear polarization results in a full

range of polarization angles with respect to the incident planes of the objective. If the

waveplates are aligned so that, for example, the predominately s-polarized light has a fixed

phase shift, then both radial s polarized and p polarized light are present simultaneously, but

shifted in phase with respect to each other, e.g., by pi, so that the interferometer is effectively

detecting the difference between these two polarization states as the fundamental signal.



In further embodiments, polarization optics may be positioned elsewhere in the

apparatus. For example, linear polarization can be achieved anywhere in the system.

We now describe a physical model for the scanning interferometry signal.

The object surface has height features h which we wish to profile over an area

indexed by lateral coordinates x,y. The stage provides a smooth, continuous scan ^either of

the interference objective or, as shown, of the object itself. During the scan, a computer

records intensity data 7ς Λ for each image point or camera pixel in successive camera frames.

Note that the key dependencies of the intensity / ζ /l
on the scan position and surface height

are indicated by subscripts —a notation that we shall employ throughout.

A proper physical model of the optics can be very elaborate, taking into account the

partial coherence of the light source, polarization mixing in the interferometer, the imaging

properties of high-NA objectives, and the interaction of electric field vectors at high angles

of incidence and in the presence of discontinuous surface features.

For example, to rigorously predict the interferometer signal from a given structure

requires solving Maxwell's Equations for that structure. White light interferometry requires a

sufficiently dense set of wavelengths covering the bandwidth of the illumination. There are

many approaches to solving Maxwell's Equations in 2D. In 2D one particularly simple

approach is based on the Rayleigh Hypothesis. In this approach the structure is treated as a

thin film stack but with the interfaces between each layer in the stack having a specific

topography. The Rayleigh Hypothesis states that within each layer the electromagnetic field

can be expanded in upward and downward propagating plane waves and the solution can be

generated by choosing the coefficients so that the electromagnetic field satisfies the standard

boundary conditions at the interfaces. This approach is easy to implement, relatively fast and

it generates the full optical transfer function or scattering matrix of the surface at one

wavelength and for one polarization in a single computation. A limitation is that it generates

valid solutions only in cases where the topography of each interface covers less than roughly

half the wavelength in the layers bounding the interface. Hence, high index materials such as

silicon restrict the topography at visible wavelengths to be much less than lOOnm.

3D modeling techniques include Finite Difference Time Domain (FDTD), Finite

Element and rigorous coupled-wave analysis (RCWA). See, e.g., M . G. Moharam and T. K.

Gaylord, "Diffraction analysis of dielectric surface-relief gratings." J. Opt. Soc. Am., 72,



1385-1392, (1982), and M. Totzeck, "Numerical simulation of high-NA quantitative

polarization microscopy and corresponding near-fields", Optik, 112 (2001) 381-390.

Moreover, the Institute of Technical Optics (ITO) at the University of Stuttgart has

developed software for performing RCWA called Microsim, based on the work of M.

Totzek. These techniques are powerful although often limited to small volumes, i.e., a few

wavelengths on a side, to keep both the memory requirements and the runtimes reasonable.

Nonetheless, because such techniques can be used in advance to generate suitable libraries,

extensive computation time used to generate the libraries does not hinder in-process

application of the techniques disclosed herein.

For convenience, and to demonstrate certain aspects of the invention, we simplify the

model by assuming random polarization and diffuse, low-coherence extended sources.

Modeling the interference signal simplifies to adding up the contributions of all of the ray

bundles passing through the pupil plane of the objective and reflecting from the object

surface at an incident angle ψ, as shown in FIG. 5.

The interference contribution for a single ray bundle through the optical system is

proportional to

Where Zp /
is the effective object intensity reflectivity, including e.g. the effects of the

beamsplitter, and R is the effective reference reflectivity, including both the beamsplitter

and the reference mirror. The index of the ambient medium is n0 , the directional cosine for

an incident angle ψ is

and the wavenumber for the source illumination is



The sign convention for the phase causes an increase in surface height to correspond to a

positive change in phase. The phase term has a contribution ω
p>ft

for the object path in the

interferometer, including thin film effects from the object surface, and a contribution υp k
for

the reference path, including the reference mirror and other optics in the objective.

The total interference signal integrated over the pupil plane is proportional to

where / p is the pupil plane light distribution and Vk the optical spectrum distribution. The

weighting factor β in Eq.(4) follows from a cos( ψ) term attributable to the projection angle

and a sin (ψ) term for the diameter of the annulus of width in the pupil plane:

cos (ψ) sin (ψ) dψ = - β d (5)

Here we assume that the objective obeys the Abbe sine condition as shown in FIG. 5. This

relatively simple weighting is possible for randomly polarized, spatially incoherent

illumination, for which all ray bundles are independent from each other. Finally, the

integration limits over all incident angles implies 0 < β < 1 and the spectrum integration over

all wavenumbers 0 < k <∞ .

In a frequency domain analysis (FDA), we first calculate the Fourier Transform of the

interference intensity signal IζJι . For the literal (non-numerical) analysis we shall use the

un-normalized Fourier integral



where K is the spatial frequency, e.g. in cycles per µm . The frequency-domain value q h

carries units of inverse wavenumber, e.g. µm . From this there follows a power spectrum

and a phase spectrum

The double prime for φj means that there is a two-fold uncertainty in the fringe order, both

from pixel to pixel and overall with respect to the starting point in the scan. Conventional

FDA then proceeds directly to a determination of surface topography by a linear fit to the

phase spectrum φj weighted by the power spectrum QKJl . The fit provides for each pixel a

slope

and an intercept

Note that the intercept or "phase gap" A" is independent of height h, but carries the double

prime inherited from the fringe order uncertainty in the phase data. The slope σ is free of this

uncertainty. From the intercept A" and the slope σA, we can define for a specific mean or

nominal spatial frequency K O a "coherence profile"

and a "phase profile"



For the simple, idealized case of a perfectly uniform, homogeneous dielectric surface free of

thin films and dissimilar material effects, and an optical system perfectly balanced for

dispersion, the phase and coherence profiles are linearly proportional to surface height:

Of the two height calculations, the height value IIQ' based on phase is the more accurate, but

it has the uncertainty in the fringe order characteristic of monochromatic interferometry. For

high resolution, we can use the unambiguous but less precise height value hΘ based on

coherence to remove this uncertainty and yield a final value h .

Conventional FDA assumes that even for less idealized situations, the interference

phase φ' is still nearly a linear function of spatial frequency. This corresponds to

conventional FDA processing of the scanning interferometry signal to get surface height. For

the present embodiment, however, we determine key parameters of the surface structure such

as film thickness by comparing experimental data to a theoretical prediction that may include

highly nonlinear phase spectra and associated modulations of the power spectrum.

To this end, we combine the definition of the Fourier Transform Eq.(6) with the

interference signal Eq.(4) into the following formula for the predicted FDA spectrum:

To improve computational efficiency, a partial literal evaluation of the triple integration in

Eq. ( 15) can be performed.



The literal analysis of Eq.(15) begins with a change of the order of integration to first

evaluate the individual interference signals g
k >ζ h over all scan positions ζ at fixed β and Ic

After expansion of the cosine term in g k h in the usual way using

the inner integral over ζ evaluates to

where we have used

The δ function carries with it the inverse physical units of the argument, in this case, an

inverse wavenumber.

These delta functions validate an equivalency between the spatial frequency K and

the product 2β 0 . A logical change of variables for the next integration is therefore



where K has the same meaning as the spatial frequency K, but will be used as a free

integration variable. Eq. ( 18) can be written

where

Note that by virtue of the change in variables, the β-dependence for the R,Z ,υ,ω terms in

Eq.(23) becomes a dependence upon K and k.

For the next step, we first note that



where H is the unitless Heaviside step function defined by

and/is an arbitrary function of K and k . Using Eqs.(25) through (27), Eq.(23) becomes

Now using

we have the final result



Because there are fewer integrations, Eq.(33) is significantly more efficient computationally

that the original triple integral of (15).

Some limit cases are interesting to solve analytically. For example, if the phase

contribution υκ k - ωκ = 0 and the reflectivities R, Z are independent of incident angle

and wavelength, then Eq.(33) simplifies to

and we have only to handle integrals involving the weighting factor T
KJc

defined in Eq.(24).

This idealized case simplifies evaluation of two further limit cases for Eq.(34): Near-

monochromatic illumination with a high-NA objective, and broadband illumination with

low-NA.

For the case of a near-monochromatic light source having a narrow spectral

bandwidth k , we have the normalized spectrum



where k O is the nominal source wavenumber. The integrations in Eq.(34) are now of the

form:

Assuming that / κ /c
is essentially constant over the small bandwidth kA , we have

where in the evaluation of the integrals we have used

valid for a narrow bandwidth kA D ArO . In particular, the positive, nonzero portion of the

spectrum reduces to



Consequently, for this special case of a narrow spectral bandwidth light source, constant

reflectivities R, Z and no phase contributions ,

In this special case, the phase is linearly proportional to surface height, consistent with

conventional FDA. The spatial frequency also has a direct correspondence to the directional

cosine:

Thus there is a one-to-one relationship between the spatial frequency coordinate of the FDA

spectra and the angle of incidence. Note further the K weighting in the Fourier magnitude

JQ calculated from Eq.(41). This is evident in the example spectrum FIG. 6(a), which

shows the theoretical prediction for a perfectly uniform filling of the pupil plane over a range

starting from normal incidence up to the directional cosine limit imposed by the objective

NA:

As a second example, consider the case of broadband illumination with uniform illumination

restricted to a narrow range β∆ of directional cosines near normal incidence. The normalize

pupil plane distribution is then

After the change of variables,



The definite integrals in Eq.(34) are in this case of the form

which evaluate to

where we have used

The positive, nonzero portion of the spectrum is for this broadband source illumination and

near-normal incidence is therefore



This corresponds closely to the familiar result that the Fourier magnitude is

proportional to the source spectrum distribution V
2110

, as shown e.g. in FIG. 6(b) for a

gaussian spectrum centered on a nominal or mean wavelength /cO . Note that Eq.(52) also

conforms to the assumption of linear phase evolution

consistent with conventional FDA.

Since the Fourier magnitude are

derived from the Fourier Transform of the interference intensity the inverse transform

puts us back into the domain of real interference signals

where once again we have used K as for the spatial frequency to emphasize that it is a free

variable of integration in Eq.(54). Thus one way to calculate the intensity signal is to

generate the Fourier components q h by Eq.(33) and transform to / ς /;
using Eq.(54).

We assume random polarization of the source light in the present model. This does

not mean, however, that we should neglect polarization effects. Rather, in the above

calculations, we assume an incoherent superposition of equally weighted results from the two

orthogonal polarization states s and p defined by the plane of incidence of the illumination.

Using superscript notation for the polarizations,

Therefore, the average phase angle for unpolarized light at this β, k would be



Note that unless the magnitudes are identical for the two polarization contributions, most

often

Also, unless q
J;

and q are perfectly parallel in the complex plane,

The same observation applies to the system and object reflectivities R k , R k and Z k , Z
k
,

respectively; they cannot be summed directly unless they have identical phases.

Provided that we take proper care of the polarization effects in the calculation of the

object surface reflectivity, the modeling remains fairly straightforward and is flexible enough

to handle the more interesting cases of polarized light further down the line.

The next step is to translate to discrete numerical formulas, in view of a software

development. We redefine the relationship between the interference signal / ζh and the

Fourier spectrum q Jl using discrete Fourier transforms as

where qkJl is the complex conjugate of qkJl and there are N discrete samples in the

interference signal /
/l

. In Eq.(60) and what follows, we have set aside the use of a free



variable K that was important in the derivations but it is no longer needed as a substitute for

the spatial frequency K. The predicted positive-frequency FDA complex spectrum is then

where the normalized, height-independent coefficients are

where the normalization for the range of integration is

The Heaviside step functions H in Eq.(62) prevent unnecessary contributions to the sums.

The weighting factor FKJζ is as defined in Eq.(24).

To compare experiment with theory, we use Eq. (61) to generate an experimental FDA

spectrum and Eq. (62) to transform back into the space domain for the theoretical prediction

of / ζ /l
. This is most efficiently performed by fast Fourier transforms (FFT). The properties

of the FFT determine the range of K values. If the N discrete samples for / ζ Λ are spaced by

an increment ζstep , there will be N/2 +1 positive spatial frequencies starting from zero and

rising toN/2 cycles per data trace, spaced by an increment



To facilitate phase unwrapping in the frequency domain, we try to adjust the zero position for

the scan so that it is near the signal peak, thus reducing the phase slope in the frequency

domain. Because an FFT always assumes that the first data point in the scan is at zero, the

signal should be properly offset.

We now focusing on modeling a sample surface with a thin film.

FIG. 7 shows two surface types, with and without a thin film. For both cases, we

define an effective amplitude reflectivity z k according to

where Zβk is the intensity reflectivity and ω k is the phase change on reflection. The

subscripts β, emphasize a dependency on the directional cosine of the illumination

where ψ0 is the incident angle, and on the wavenumber

where λ is the wavelength of the light source. The subscript β will be understood to refer to

the first incident directional cosine β0 .

The surfaces are characterized in part by their index of refraction. The index of the

surrounding medium, usually air, is n0 . For the simple surface FIG. 7(a) there is only one

index n . For the thin film in FIG. 7(b), there are two surface indices, n for the transparent

or partially transparent film and n2 for the substrate. Most generally, these refractive indices



are complex numbers characterized by a real part and an imaginary part. For example, a

typical index, e.g. for chrome at λ=550nm, is n, = 3.18+4.41i, where we are adopting the

convention where the imaginary part is defined as positive.

The index of refraction of a material depends on the wavelength. The dispersion in

refractive index n0 for the air is not very significant, but is important for many sample

surfaces, especially metals. Over small wavelength changes near a nominal /cO , most

materials have a nearly linear dependence on wavenumber, so that we can write

where are the intercept and slope, respectively, for the index of refraction nx at the

nominal wavenumber ArO .

The most common use of the refractive index is SnelPs law. Referring to FIG. 7(b),

the refracted beam angle internal to the film is

where ψ0 is the angle within the medium of index nQ incident on the top surface of the

medium of index n, , and ψ,
p k

is the angle of refraction. It is possible for these angles to

take on complex values if the indices are complex, indicating partially evanescent

propagation.

The complex amplitude reflectivity of a boundary between two media depends on the

polarization, the wavelength, the angle of incidence and the index of refraction. The s- and

p- polarization reflectivities of the top surface of the film in FIG. 7(b) are given by the

Fresnel formulae



The dependence on β,k results from the angles ψ0,ψ, k , the exit angle ψ
1 β introducing a k

dependency via the refractive index n
]Jc

. Similarly, the substrate-film interface reflectivities

are

Note that in the Fresnel equations, if the angle of incidence and refraction are the same, the

reflectivity for both polarizations goes to zero.

For a simple surface (no thin film), the sample surface reflectivity is identical to the

top-surface reflectivity

(simple surface, no thin film) (75)

Consequently, the phase change on reflection (PCOR) caused by the surface reflection is



Note that to satisfy the boundary conditions, the s-polarization "flips" upon reflection (= π

phase shift for a dielectric), whereas the p-polarization does not. The distinction between

polarization states becomes meaningless exactly at normal incidence, which in any case

results in a division by zero in the Fresnel equations and a different formula handles this limit

case.

When using the plus sign convention for the complex part of the index of refraction,

the greater the absorption (complex part), the greater the PCOR ωpM. In other words, a

larger absorption coefficient is equivalent to a decrease in effective surface height. This

makes intuitive sense —one imagines absorption as a penetration of the light beam into the

material prior to reflection, rather than a clean reflection and transmission right at the

boundary. Following our usual convention, for which an increase in surface height

corresponds to a positive change in the phase difference between the reference and

measurement surfaces, a positive surface PCOR subtracts from the interferometer phase.

A thin film is a special case of a parallel plate reflection. The light passes through the

top surface partially reflected (see FIG. 7) and continues to the substrate surface where there

is a second reflection with a phase delay with respect to the first. However, this is not the

end of the story. The light reflected from the substrate is once again partially reflected when

passing back up through the top surface, resulting in an additional reflected beam heading

south again to the substrate. This goes on in principle forever, with each additional reflection

a little weaker than the last. Assuming that all of these multiple reflections survive to

contribute to the final surface reflectivity, the infinite series evaluates to

As a note of clarification, recall the β dependency of βj β /c
refers to a dependency on the



incident directional cosine β0 in the ambient medium of index n0 . The same Eq. (77) applies

to both polarization states, with corresponding single-surface reflectivities.

Inspection of these equations shows why conventional FDA processing breaks down

in the presence of thin films. Conventional FDA determines surface height by a linear fit to

the Fourier phase spectrum weighted by the Fourier power spectrum, using broadband

(white) light to generate the Fourier spatial frequency spread. The idea is that the phase

evolution comes from the expected linear phase dependence on surface height. Any other

constant offset or linear coefficients (e.g., "dispersion") associated with the surface

characteristics are removed by system characterization or by simply ignoring those phase

contributions that do not change with field position.

This works perfectly fine for simple surfaces. With unpolarized light, and most likely

with the circularly-polarized light, the wavelength dependence of the PCOR is nearly linear

with respect to wavenumber and constant for a given material. In the presence of a thin film,

however, the conventional analysis breaks down. The phase becomes nonlinear and the

phase slope becomes sensitive to film thickness, which may be varying across the field of

view. Therefore, the present analysis determines key parameters of the surface structure such

as film thickness by comparing experimental data to a theoretical prediction, using our

knowledge of how e.g. a thin film modulates the reflectivity of the surface.

We now discuss how comparison of experimental data to a library of theoretical

predictions provides surface structure parameters such as film thickness and phase change on

reflection (PCOR). In. the case of a film of unknown thickness, the library for a single surface

type, e.g. SiO2 on Si, would range over many possible film thicknesses. In frequency domain

embodiments, the idea is to search this library for a match to those characteristics of the FDA

spectra that are independent of surface topography, for example, a distinctive structure to the

magnitude spectrum resulting from a thin-film interference effect. The computer then uses

the library spectrum to compensate the FDA data, allowing for a more accurate surface

topography map.

In one embodiment, the library contains example FDA spectra for surface structures,

each spectrum providing a series of complex coefficients pκ representing Fourier

coefficients as a function of spatial frequency K. These spectra are the Fourier transforms of

intensity data Iζ h acquired during a scan ζ of the optical path length of an interferometer.



The spatial frequency K is proportional to the angular wavenumber k =2π/ λ for a segment

of the source light spectrum, the index of refraction M0 of the ambient medium, and the

directional cosine β = cos( ψ) , where ψ is the angle of incidence for a ray bundle directed to

the object surface:

K = 2P 0 . (79)

The pκ coefficients for the prediction library include the optical properties of the surface

that can influence the appearance of the FDA spectra, with the exception of surface height.

Predicting the FDA spectra involves an integral representing the incoherent sum of

ray bundles over a range of incident angles ψ and angular wavenumbers k for the source

light. As described above, the numerical integration can reduce to a computationally-

efficient single sum over N angular wavenumbers k, weighted by a factor Fκ :

The weighting factor is

where V1. is the source spectrum and Uκ k is the pupil-plane light distribution. The

corresponding normalization Y is the sum over all spatial frequencies of the weighting factor



where T is a nomialization to be defined shortly and H is the Heaviside step function.

The distinctive characteristics of an object surface structure, particularly of a thin

film, enter into the spectrum pκ through the object-path phase ωκ k
and reflectivity Zκ /c

, as

detailed above. Equally important are the reference-path phase υKJc and reflectivity RKJc ,

which depend on the scanning interferometer itself. Such factors can be determined by

theoretically modeling the scanning interferometer or by calibrating it with a test sample

having known properties, as described further below.

The typical prediction library for a thin film is a series of spectra pκ indexed by film

thickness L . The stored spectra cover only a narrow spatial frequency region of interest

(ROI), usually 15 or 16 values for a 256-frame intensity data acquisition, the remainder of

the values outside this ROI being zero. The limits of the ROI follow from the definition of

the spatial frequency:

A typical range of spatial frequencies for a scanning interferometer based on a 10OX Mirau

objective and a narrow bandwidth, 500-nm light source is 2.7 µm to 4.0/rni 1. For

computational efficient, a dense look up table, indexed by 0.5 to 5 nm between sample

spectra, can be used rather than an analytical search routine that involves recalculation using

Eqs.(80)-(83) several times for each pixel.

The library search involves the following steps: (1) Select a predicted FDA spectrum

from the library corresponding to a specific surface type, (2) calculate how closely this

spectrum matches the experimental data using a merit function, then (3) repeat through

several or all of the library data sets to determine which theoretical spectrum provides the

best match. What we are looking for is a "signature" in the frequency domain that relates



uniquely to surface characteristics such as thin films, dissimilar materials, step structures,

roughness, and their interaction with the optical system of the interferometer. This

comparison therefore explicitly filters away the linear rate of change of phase with spatial

frequency, which is the one characteristic of the FDA spectrum that varies directly with

surface topography and is therefore irrelevant to the library search.

In comparing spectra, there is a benefit to separating the phase and magnitude

contributions to the merit calculation. Thus for the theory, we have

where connect-^ is a function that removes 2-π steps in the spatial frequency dependence of

Φκ , °r tne experimental data we have

The double prime for φ" indicates an uncertainty in the fringe order from both pixel to

pixel and overall with respect to the starting point in the scan. The experimental data

necessarily include a slope term related to the local surface height; this is the reason for the

use of the q symbol instead of the p symbol.

For a specific set of trial surface parameters, we can calculate a phase difference



The phase difference ς Λ is the compensated FDA phase, assuming that the trial parameters

are correct. A good match of theory to experiment yields a phase ς
/

that in principle is a

simple linear function of spatial frequency IC with an intercept of zero (i.e., zero phase gap).

Thus, looking ahead, the successfully compensated phase ς Λ is what we shall eventually

feed downstream to a conventional FDA analysis, which assumes that the slope of the phase

in frequency space is directly proportional to surface height.

Based on the observations of the previous paragraph, there are two features of interest

in the compensated phase ς Λ that allow us to evaluate the match of theory to experiment

independent of surface height. The first is the phase gap A" or K=O intercept value ς _0 Λ

obtained by a linear fit, and the second is the residual nonlinearity with respect to

wavenumber after a linear fit. Corresponding merit functions are, for example,

where σΛ is the slope of the (magnitude weighted) linear fit to the compensated phase ς h .

The round ( ) function in Eq.(91) limits the phase gap A" to the range ±π.

Although a library search can proceed using phase information alone, i.e. by

minimizing one or both of the merit function values χ and/or χφ o
, we also have important

and useful signatures in the Fourier magnitude. The magnitude is particularly interesting in

that it is inherently independent of surface height. Thus for example, we can define in

approximate analogy with the phase merits the following magnitude merit functions:



where Ω is the empirical scaling factor

The merit χp is most closely related to the overall reflectivity of the object surface,

independent of spatial-frequency dependence, whereas χ
Pwon

expresses how well the

theoretical and experimental magnitude plots match in shape.

The magnitude merit functions χp and/or χ
Pnon

are in addition to or even in place of

the phase merits χφ and/or
wn

. A general library search merit function is therefore

where the w are weighting factors. In principle, one can determine the weights in Eq.(96)

knowing the standard deviation for the various parameters. A more empirical approach is to

try out various weights on real and simulated data and see how well they work. For the

examples that follow, we select equal weights for all merit

contributions.

The examples in FIGS. 8-13 illustrate the merit-function search procedure' for six

SiO2 on Si film thicknesses: 0, 50, 100, 300, 600, and 1200 nm, respectively. A single

library for all examples encompasses the range from 0 to 1500 nm in 2-nm intervals. The



data are simulations, free of noise. As in all the examples described herein, the scan step is

40 nm, the source wavelength is 498 nm, and the source gaussian FWHM is 30 ran (quasi-

monochromatic).

The most interesting aspect of these simulated searches is the behavior of the four

merit functions. Generally, we observe that inclusion of these four functions helps to reduce

the ambiguity in the final merit values, there being a strong periodicity for individual merit

values as a function of film thickness. Another general observation is that the merits based

on nonlinearity, both in phase and magnitude, are most effective at 300 nm and above,

whereas the phase gap and average magnitude are dominant below 300 nm film thickness.

This shows that the χφ,χP merit functions are especially useful to the really thin films, which

places importance on system characterization, which couples directly into the phase gap and

magnitude results.

Once we determine the thin film thickness (or identify the material or other uses for

the algorithm), FDA processing proceeds in the usual way, using however the corrected FDA

phase ς A instead of the original experimental phase data. In principle, if the modeling has

been successful, ς Λ should be free of nonlinearities and the phase gap should be zero. The

next step therefore is a linear fit to the phase spectrum ς Λ. It appears more effective for

high-NA FDA to use the magnitude spectrum Pκ in place of magnitude squared. The fit

provides for each pixel a slope

and an intercept (phase gap)

Note that the phase gap A " carries the double prime inherited from the fringe order

uncertainty in the phase data. The slope σ
/

is free of this uncertainty. From the intercept A"



and the slope σΛ, we define for a specific mean or nominal spatial frequency K O a

"coherence profile"

and a "phase profile"

We then removes the pixel-to-pixel fringe order uncertainty in the phase θ"t :

where a ' is an approximation to the original phase gap A" that is free of pixel-to-pixel 2π

steps.

Finally, the height profile follows from

Note that it is not necessary to subtract the phase offset γ , because it has already been done

in generating the compensated phases ςκ /
.

The first example of a surface topography measurement (FIG. 14) is a pure

simulation. The surface topography is everywhere zero, but there is an underlying film layer

that progresses from 0 to 1500 run in 10 nm increments. Using the same prediction library as

in FIGS. 8-13, this test demonstrates unambiguous determination of film thickness

throughout the range of the prediction library, albeit for perfect, noise-free data.

The next example (FIG. 15) is also a simulation, but with additive noise. The random

additive noise is gaussian, with a standard deviation of 2 bits out of an average 128 intensity

bits, which looks to be typical of real data. The results are clearly satisfactory despite the

significant difference in reflectivity between SiO2 and Si (4% to 45%).



We now address system characterization.

We define a phase offset γ and a linear dispersion τ using data collected during

a system characterization procedure. To include system characterization data, we correct the

Fourier-transformed experimental data q prior to the library search and prior to any other

FDA processing on a pixel-by-pixel basis using

where K O is the nominal spatial frequency, which represents the nominal spectral frequency

for the FDA data set, as identified e.g. by locating the midpoint of the ROI. Note that the

theoretical library remains unchanged. The scaling coefficient M (greek capital "M") is a

new system characterization that makes it possible to use object surface reflectivity as a

parameter in the library search.

The phase offset γ and the system phase gap A
sys

as a functions of field position

can be stored as a function of field position, and calculate the true system dispersion

according to

The magnitude coefficient M is also field dependent.

The creation of system characterization data proceeds in a manner similar to that

described above for the object sample. We move to an artifact having known characteristics,

measure it, and determine the system characterization by looking at how the results differ

from what we would expect for a perfect system. Specifically, using a known sample for

which the correct library entry is predetermined, we generate the phase gap A" as in Eq.(98)

and a final height h' as in Eq.(102). Then, assuming a perfectly flat artifact, we calculate the

system phase offset



and the system phase gap

where connect ( ) is pixel-to-pixel phase unwrapping. The magnitude map is

In some embodiments, several system characterizations can be averaged, perhaps using

artifacts having similar surface structure to the final application (e.g. SiO2 on Si) over a

range of sample types.

In much of the description and simulations above we have focused on thin film

surface structures, however, the analysis is also applicable to other types of complex surface

structures. In what follows we show how the scanning interferometry data can be analyzed

to account for surface structures that are smaller than the optical resolution of the scanning

interferometer microscope. The optical resolution is ultimately limited by the wavelength of

the light source and the NA of the light collection optics.

FIG. 16a shows height profiles determined from actual scanning interferometry data

of a 2400 lines per mm (lpmm) grating having a peak-to-valley (PV) modulation depth of

120 run using a light source at a 500-nm nominal wavelength. The top profile in FIG. 16a

shows the height profile determined using a conventional FDA analysis. The conventional

analysis indicates a PV modulation depth of only about 10 nm, greatly underestimating the

actual modulation depth. This inaccuracy occurs because the grating has features at the limit

of the optical resolution of the 500-nm instrument. This is so even though the pixel

resolution of the camera in the instrument is more than sufficient to accurately resolve the

grating.

One way of thinking about this effect is that the scanning interferometry signal for a

first camera pixel generally corresponding to a first surface location also includes



contributions from adjacent surface locations when those additional surface locations have

surface features sufficiently sharp relative to the light wavelength to diffract light to the first

pixel. The surface height features from those adjacent surface locations corrupt conventional

analysis of the scanning interferometry signal corresponding to the first surface location.

At the same time, however, this means that the scanning interferometry signal

corresponding to the first surface location includes information about the complex surface

features nearby. FIG. 17 illustrates this by showing the scanning interferometry signal from

pixels corresponding to various locations about a step height feature. For the signal in (a) the

step height is to the right of the pixel and higher, for the signal in (b) the step passes directly

through the pixel, and for the signal in (c) the step is to the left of the pixel and is lower. One

signature that is immediately apparent in the signals is the reduction in fringe contrast in (b)

relative to (a) and (c). For example, if the step height was equal to one-quarter of the

wavelength and the pixel location corresponded exactly to the position of the step height, the

fringe contrast in (b) should disappear entirely because interference from the two sides of the

step would exactly cancel one another. There is also much information in the signals in

shown in (a) and (c). For example, FIG. 18 shows the nonlinear distortions in the frequency

domain phase spectra for the signals (a) and (c) of FIG. 17, respectively, resulting from the

nearby step height. These spectra are indicated as (a) and (b), respectively, in FIG. 18. In

the absence of the step height, the frequency domain phase spectra would be linear. Thus,

the nonlinear features in the frequency domain phase spectrum for pixels corresponding to

surface locations adjacent to the step height nonetheless include information about the step

height.

To more accurately measure the surface profile of a test surface in the presence of

such under-resolved surface features, we can use the library searching technique described

above for thin films. For example, for the case of a test surface with an under-resolved

grating, a series of model FDA spectra are generated for different values of the PV

modulation depth and offset position. As in the thin film examples, the surface height for the

model spectra remains fixed. The analysis then continues as in the thin film examples above,

except that rather than the model spectra being parameterized by thin film thickness, they are

parameterized by modulation depth and offset position. Comparison between signatures of

the FDA spectra for the actual test surface and the different model spectra can then be used to



determine a match. Based on the match, distortions in the actual FDA spectrum for each

pixel caused by the presence of the grating are removed so that the surface height for each

pixel can be determined using conventional processing. The results of such an analysis using

the same merit functions as described above for the thin films are shown in FIGS. 16b and

19b.

FIG. 16b shows the height profile determined using the library search analysis for

2400 lines per mm grating described above with reference to FIG. 16a. The same data was

used in the FIGS. 16a and 16b, however, the library search analysis determined the PV

modulation depth for the grating to be 100 nm, much closer to the actual 120-nm modulation

depth than the 10-nm result determined by conventional FDA processing in FIG. 16a. FIGS.

19a and 19b show a similar analysis for a simulation with a discrete step height and assuming

a nominal 500-nm light source. FIG. 19a shows the height profile determined using

conventional FDA processing (solid line) compared to the actual height profile for the

simulation (dotted line). FIG. 19b shows the height profile determined using the library

search method (solid line) compared to the actual height profile for the simulation (dotted

line). The parameters for the model spectra in the library search were location and step

height magnitude. As illustrated, the library search analysis improves lateral resolution from

about 0.5 microns to about 0.3 microns.

In the example of the FIG. 19a-b, the library was generated theoretically using an

equation similar to Eq. (77) for a thin film, except in this case the denominator is set to 1

(because there are no multiple reflections from underlying layers), the first and second terms

in the numerator are weighted according to the lateral distance of the measurement point

from the actual step height position, and the parameter L corresponds to the step height itself

rather than thin film thickness. Thus this theoretical model is based on a complex summing

of rays emerging from either side of the step height. As the lateral position of the pixel under

inspection increases in distance from the position of the step height, the signal tends to that of

a simple flat surface.

In the example of FIG. 16a-b, the library was generated experimentally by observing

the signal produced by the interferometry instrument for the 2400 line grating. Based on this

experimental data, signatures in the scanning interferometry data were correlated with a

corresponding lateral position in the period of the grating to build up the library.



Experimental data for each pixel of the test sample (which in this case was the same 2400

line grating) was then compared with the library to determine the best lateral position in the

period for that pixel.

In the detailed analyses described above the comparison between information in the

actual data and information corresponding to the different models has occurred in the

frequency domain. In other embodiments, the comparison can be made in the scan

coordinate domain. For example, while changes in the absolute position of the fringe

contrast envelope is generally indicative of changes in surface height at a first surface

location corresponding to the signal in question, the shape of the signal (independent of its

absolute position) contains information of complex surface structure, such as underlying

layers at the first surface location and/or surface structure at adjacent locations.

One simple case is to consider to the magnitude of the fringe contrast envelope itself.

For example, when a thin film thickness is very small relative to the range of wavelengths

produced by the light source, the interference effects produced by the thin film become

wavelength independent, in which case thin film thickness directly modulates the magnitude

of the fringe contrast envelope. So, in general, the fringe contrast magnitude can be

compared to that for models corresponding to different thin film thicknesses to a identify a

match for a particular thin film thickness (taking into account systematic contributions from

the interferometer itself)

Another simple case is to look at the relative spacings of the zero crossings of the

fringes under the fringe contrast envelope. For a simple surface structure illuminated with a

a symmetric frequency distribution, the relative spacings between the different zero crossings

should be nominally the same. Variations in the relative spacings are therefore indicative of

complex surface structure (when taking into account systematic contributions from the

interferometer itself) and can compared to models for different complex surface structures to

identify a match to a particular surface structure.

Another case is to perform a correlation between the scan-domain signal and the

scan-domain signals corresponding to different models of the test surface. A match generally

corresponds to the correlation that has the highest peak value, which indicate the model

whose scan-domain signal has a shape most similar to the shape of the actual signal. Note

that such analysis is generally independent of surface height because a difference between



the surface height of the actual sample and that of each model only shifts the location of peak

in the correlation function, but does not effect, in general, the peak value itself. On the other

hand, once the correct model is identified, the location of the peak in the correlation function

of the correct model yields the surface height for the test sample, without the need for further

analysis (such as conventional FDA).

Like the analysis in the spatial frequency domain, an analysis in the scan-coordinate

domain can be used for many different types of complex surfaces, including not only thin

films, but also other complex surface structures such as under-resolved surface height

features as described above.

We now describe in detail a scan-coordinate library search analysis the involves a

correlation between the signal for the test sample and corresponding signals for various

models of the test sample.

The approach sets aside any assumptions about the interference pattern other than to

say that all pixels in a data set corresponding to surface locations with the same complex

surface characteristics contain the same basic, localized interference pattern, only shifted in

position (and possibly rescaled) for each pixel. It does not matter what the signal actually

looks like, whether it is a gaussian envelope or has a linear phase behavior in the frequency

domain or whatever. The idea is to generate a sample signal or template that represents this

localized interference pattern for different models of complex surface structures for the test

object, and then for each pixel, find the model whose localized interference pattern best

matches the shape of the actual localized interference pattern, and for that model, find the

scan position within the data set that provides the best match between the interference pattern

template and the observed signal - which gives the surface height. Several techniques are

available for pattern matching. One approach is to mathematically correlate each template

with the data. Using a complex (i.e. real plus imaginary) template function for each model,

we recover two profiles, one closely associated with the envelope of the signal and the other

associated with the phase of the underlying carrier signal.

In one embodiment, for example, the analysis for each pixel would be include: (1)

selecting a test template from a library of templates calculated or recorded for a specific

value of an adjustable parameter, such as film thickness; (2) finding the local surface height

using the selected test template and a correlation technique (an example of which is described



below); (3) recording the peak merit function value for the selected test template based on the

correlation technique; (4) repeating steps 1-3 for all or a subset of the templates in the library;

(5) determining which test template provides the best match (=highest peak merit function

value); (6) recording the value for the adjustable parameter for the best-matched template

(e.g., thin film thickness); and (7) recalling the height value that provided the peak match

position within the data trace.

We now describe a suitable correlation technique based on a complex correlation.

For each model of the test surface we generate a template interference pattern

where the index./ indicates the specific model for the template pattern. The functions

m L φ (C) an φ
emp

(C) characterize the complex surface structure, but are independent of

surface height at the location corresponding to the signal, which is set to zero. In preferred

embodiments, the functions mj
emp

ζ ) and φj
emp

C) also account for systematic contributions

from the interferometer. We then use a complex representation for the template pattern:

We further use a window function to select a particular portion of the complex template

function:

For example, an appropriate window might be



where the window width ∆ζ could be set by hand.

Now that we have an interference pattern template ϊ p
J
at we are ready to use it for

comparison to an actual data set. In preparation for this, it will be handy to generate a

complex signal I x starting from a real experimental data set

The Fourier transform of this signal is

where

We then construct a partial spectrum from the positive-frequency portion of the spectrum:

The inverse transform is then



Here, the real part of this complex function ϊ ex is the original experimental data I x .

Further, the phase and envelope are separable by simple operations, e.g. we can access the

product of the signal strength A Cex (x) and envelope mex using the magnitude of the

complex function l ex :

According to the underlying theory of the technique, we expect at least a meaningful portion

of mex to have the same general shape as m emp for the correct model, the only difference

being the linear offset hex and the scaling factor AC x (x) . We also expect the difference

between the experimental and interference pattern template phase offsets φ , J
pat ,

respectively, to be linearly proportional to the height x , for the correct model.

The task at hand is to locate a specific signal pattern represented by the interference

pattern template/^ , within an experimental data set I ex , and determine how well of a match

there is for each of the different models/ In what follows, we shall drop the indexj , and

note the matching analysis proceeds for each of the models.

The first step is to find the scan position ζbest for which the shapes of the envelopes

mex , mpat and ex ,φpat are best matched. A viable approach is a merit function based on the

normalized correlation of the interference pattern template with the signal within a segment

of the scan defined by the window w :



where

is the complex correlation function and

are normalizations that make the merit function II independent of signal-strength. Use of

the complex conjugate ϊ pat of the template cancels the synchronous linear phase term Koζ

and maximizes π for the case of a match of ex , pat . The absolute value of the

correlation removes any residual complex phase.

To prevent I I (ζ) from generating false high values or encountering a singularity at

low signal levels, it is prudent to add a minimum value to the denominator, such as

where the max ( ) function returns the maximum value of the signal strength I x over the

full scan length ζ, and MinDenom is the minimum relative signal strength that we consider



valid in the merit function search. The value of MinDenom can be hard coded at 5% or

some other small value, or left as an adjustable parameter.

The correlation integral I can also be performed in the frequency domain using the

correlation theorem:

where we have made use of

where

A search through II to find a peak value yields the best match position best and the

value of π is a measure of the quality of the match, ranging from zero to one, with one

corresponding to a perfect match. The peak value of the merit function is calculated for each

of the different models to determine which model is the best match, and then the best match

position best for that model gives the surface height.

FIGS. 20-24 illustrate an example of the technique. FIG. 20 shows an actual

scanning interferometry signal of a base Si substrate without a thin film. FIGS. 2 1 and 22

show interference template patterns for a bare Si substrate and a thin film structure with 1

micron of SiO2 on Si, respectively. FIGS. 23 and 24 show the merit function as a function of

scan positions for template functions in FIGS. 2 1 and 22, respectively. The merit functions

show that the interference template pattern for the bare substrate is a much better match

(peak value 0.92) than that for the thin film template pattern (peak value 0.76) and therefore

indicate that the test sample is a bare substrate. Moreover, the position of the peak in the

merit function for the correct template pattern gives the relative surface height position for

the test sample.



We now discussed certain examples of the technique that relate specifically to under-

resolved surface features, such as patterned structures in front-end semiconductor

manufacturing processes.

Although patterned by optical lithography, the front end or transistor-level

semiconductor manufacturing process involves features that are far below the resolution limit

of visible-wavelength microscopy. The smallest features, such as the transistor gates, are on

the order of 45nm wide, whereas the instrument transfer function of a typical scanning

interferometer falls to zero for a 400-nm periodic structures. For example, Figure 28 shows

theoretical and experimental instrument transfer function for a white-light interference

microscope using a 10OX, 0.8 NA Mirau objective and incoherent illumination. The

separation of the gates, shallow trench isolation (STI), wires and vias is often comparable to

this lower limit; thus we see some of the surface structure, but not all. These under-resolved

features cannot, therefore, be measured directly as height objects in the usual way with the

white-light interference microscope. However, parameter monitoring (e.g. depth and width)

of these features is often still possible if we understand how height variations below optical

resolution affect the generation of the scanning interferometry data.

Figure 29a illustrates a simple cross-sectional model of a symmetric grating with

unpatterned areas on either side. The y coordinate is parallel to the lines and into the figure,

while the x coordinate is from left to right. The z = 0 vertical position corresponds to the

tops of the lines. A simple-minded scalar diffraction model and the Abbe principle confirms

that when the grating linewidth L and spacing Wfall below the resolution limits implied by

Figure 28, the grating lines blur together and the NewView cannot directly measure the

lateral dimensions L and W nor the height H. However, this same scalar analysis shows that

the apparent height of the etched area would indeed depend on the line height, width and

spacing, even though the gate lines themselves would be indistinguishable. The exact

dependence may be predicted to some degree by modeling, and refined by empirical

evidence.

As noted previously, certain embodiments disclosed herein exploit the observation

that the apparent height of the patterned area is related to the feature parameters of interest.

We generate apparent surface height profiles using conventional processing interferometric

techniques such as FDA. For the case of a pitch less than one-half wavelength, these profiles



do not show the grating lines at all, or at most some echo of the lines, with an overall

"averaged" height H ' as shown in Figure 29b, which shows simulated measured surface

profiles superimposed on the grating structure. Consequently, we measure the height H '

between the area over the lines and the area over the unpatterned bare substrate. This result

may be referenced to the zero-etch height by subtracting the etch depth E to get a number

E' =H ' - E . Alternatively, if a zero-etch measured profile is available as in Figure 29c

(which likewise shows a simulated measured surface profile superimposed on the grating

structure), the measured etch depth E' may be referenced directly to the zero-etch height

(this is the more usual measurement scenario). Assuming that we know ahead of time the

lateral dimensions L and W, the correct line height H follows from modeling the sensitivity

of the entire measurement procedure to the parameter of interest. Alternatively, if we know

H and L, we can infer J or some other parameter such as line shape.

Using more rigorous modeling to consider polarization effects shows that the

simulated profiles shown in FIGS. 29b and 29c represent qualitatively the behavior when the

polarization is orthogonal to the gate lines (defined as the x direction). The parallel or y

polarization, in contrast, is much more strongly influenced by the tops of the lines, in some

cases appearing as if there were no spaces at all between the lines. This makes physical

sense, in that polarization aligned with the gate lines generates currents that increase the

influence of the tops of the lines at the expense of the areas between the lines. The

sensitivity of the measurement to various structure parameters varies with polarizations;

therefore, it may be possible to isolate specific parameters, such as etch depth, while

minimizing sensitivity to others, such as linewidth.

Accordingly, embodiments of this measurement technique include: 1) use of a

standard interference microscope with circular polarization and comparison of the step height

to a neighboring, unpatterned area in the field of view (FOV) of known height relative to the

pre-etched silicon; 2) as above, but use of x (orthogonal to lines) polarization to improve

sensitivity to deep (>20nm) trenches; 3) use of a linear polarization and comparison of

heights of neighboring areas of orthogonally arranged grating lines; 4) comparison of the

measured heights for both the x and y polarization states in the same field of view with

respect to a common reference that is not polarization dependent, e.g., a smooth, flat area;

and 5) comparison of the measured heights for both the x and y polarization states in the



same field of view with respect to each other, for example by simultaneous capture of data

for the two polarizations, or by interfering the polarization states directly. This approach

may obviate any need for a separate reference on the object surface.

It should also be noted that the basic measurement principle is not limited to gratings,

but may be extended to other structures.

Although a scalar or Abbe model provides some important insight into the basic

measurement problem, quantitative analysis for a complex (multi-material), under-resolved

surface structure can benefit from more rigorous modeling of the interferometry signals by

solving Maxwell's Equations over a range of bandwidths and angles of incidence, such as the

2D approach based on the Rayleigh Hypothesis or the more rigorous RCWA approach, both

of which were described above.

For example, the 2D Rayleigh approach explains the inversion result shown in Figure

27 for circularly-polarized light incident on sample wafers on patterned structures.

Specifically, in unpolarized or circularly polarized light, there is a competition between the x

and y polarization states that leads to an inverse correlation. The inversion is attributable to

the high sensitivity to etch depth of the x polarization reflected intensity, causing a

modulation in the contribution of the x polarization compared to the y polarization. Because

these two polarizations report different depths, the balance between their reflected strengths

can lead to this nonlinear correlation between the apparent grating modulation depth and the

actual grating modulation depth. The 2D Rayleigh calculation showed that such an inversion

could take place with under-resolved grating lines.

In another example, a rigorous RCWA approach was used to model a pure silicon 5-

line grating without top film layers, with lines having a width JF=120nm and pitch Z>=320nm.

A schematic of the grating is shown in Figure 30a. The output of the simulation, shown in

Figure 30b, is a simulated SWLI signal (z-direction) for each of a line of pixels (x-direction).

Figure 30b shows the results only for y polarization, parallel to the lines, which is more

sensitive to the tops of the lines than the areas or trenches between the lines. If we look at

the output for a single pixel as in Figure 31a and 31b for the x and y polarizations,

respectively, we recognize the familiar white-light interference pattern, approximated by a

carrier fringe pattern modulated by an envelope or fringe contrast function. Noteworthy is

the somewhat distorted x-polarization signal (Figure 31a), which reveals a competition



between the unresolved tops of the grating lines and the trenches in between, leading to a

weakened signal with envelope structure and a general shift towards the left, which

corresponds to lower heights.

An FDA analysis of these signals generates the apparent surface profiles shows in

Figures 32a and 32b for the x- (orthogonal to grating lines) and y-polarizations (parallel to

grating lines), respectively. To relate this to a step height measurement, we compare the

center pixel to an edge pixel to determine//' , the edge pixel presumably marking the true

etch depth E of the substrate. The measured substrate etch depth is then E' =H'-E . This is

the value that we would measure when referencing to an unetched substrate area. We rely on

modeling or empirical data to translate the apparent etch depth to the actual depth.

Figures 33a and 33b show the results of the RCWA analysis for the apparent etch

depth E ' =H'-E as extracted from simulated scanning interferometry data as a function of

different actual etch depth E for the y-polarization (parallel to grating lines) and x-

(orthogonal to grating lines), respectively. The E ' =E line is for reference. Figures 34a and

34b show the corresponding signal strength for the different actual etch depths E for the y-

polarization (parallel to grating lines) and x- (orthogonal to grating lines), respectively. The

results show the expected behavior for the two polarization states. Clearly the preferable

configuration for etch depth sensitivity is the x polarization, assuming that we can stay clear

of the reflected intensity minimum at 145nm etch depth shown in FIG. 34b.

The difference between the measured height E ' and etch depth E is in some sense

the bias or offset resulting from the unresolved grating lines, including the top film layers. In

the ideal case, the instrument would simply disregard the presence of the lines, assuming that

the substrate etch depth were the only parameter of interest. Figure 35 is an alternative

graphing of the same data as in FIG. 33b, showing that for the x polarization, the bias is

modest and does not change rapidly with etch depth. Specifically, it shows the measurement

bias or offset E-E' as a function of the measured step height - E ' for the silicon grating.

Figure 36 shows the expected RCWA results for circularly polarized light for a pure

Si grating. Specifically, it shows the RCWA predictions for the measured etch depth

E' =H ' —E as a function of the actual etch depth E for the silicon grating, with circularly

polarized light, in comparison with a one-to-one correspondence line. Of note is the

generally poor response of the system, and in particular, the inverse correlation between



measured and actual etch depth between 60 and 170nm. This is the same phenomenon

predicted from the Rayleigh hypothesis and shown in FIG. 27 and described above. Above

lOOnm etch, the measured depth is negative, meaning that the etched silicon appears to rise

above the unetched silicon. The area looks like a protrusion rather than a recess.

Figures 37a and 37b show the RCWA predictions for the measured (apparent) etch

depth E' =H'-E as a function of the feature width W for an etch depth E =l00nm and pitch

Z=320nm, for the five-line silicon grating for_y- and x-polarization, respectively. The solid

line marks the etch depth in both graphs, for reference. The graphs shows some interesting

behavior, including relative insensitivity to linewidth over broad ranges. These results imply

that for linewidths between 100 and 180nm, for example, the x-polarization measurement is

far more sensitive to etch depth than to linewidth, at least for this combination of parameters

(compare with Fig. 33). The y polarization, however, shows a greater sensitivity to linewidth

than to etch depth, although the sensitivity is weak in either case.

Qualitatively the reflectivity minimum in Figure 33b and the inverse correlation in

Figure 36 can be understood as resulting from the situation where the depth of the grating

corresponds causes a phase flip related to the quarter-wave anti-reflection condition. Thus, if

it is desired to move to a more linear portion of the correlation curve, the wavelength of the

light used in the interferometer can be adjusted relative to the quarter-wavelength condition,

where the quarter-wavelength condition is met when the product of the grating depth and the

index of the material between the lines (e.g., for the present structure, n=l for air) equals the

sum of a quarter of the light wavelength and any integer multiple (including zero) of half the

light wavelength. On the other hand, the presence of a reflectivity minimum (or more

generally, reflectivity information derived from the interferometry signal strength) can be

used alone, or in conjunction with the apparent surface profile, as the information that is

compared to expected information for different models of the sample to determine

information about the under-resolved surface features.

While the above example pertained specifically to a patterned structure in one-

dimension, the general principles of the technique can be extended to other types of under-

resolved surface patterns, such as discrete step heights and two-dimensional patterned

structures. The underlying principle is that even though such surface features may be under-

resolved they do contribute to both the interferometry signal for individual pixels and



collective information extracted from interferometry signals from multiple pixels. Thus,

experimental derived information can be compared to models that are parametrized by

different values for under-resolved features of interest, with the best comparison yielding the

corresponding value of the feature of interest.

Furthermore, in other examples, the different portions of the grating may have

different modulations depths or may be formed over different material compositions. For

example, a grating structure can be formed on a silicon substrate that includes regions of

silicon dioxide. Furthermore, the regions of the grating between the silicon dioxide can be

etched to different depths. In such embodiments, the information that is compared to the

models can be, for example, differences in apparent surface height between different resolved

regions of the grating. In other words, for example, although the individual grating lines may

not be resolved, the portion of the grating formed over the silicon dioxide may be

distinguishable from other portions of the grating.

Figure 38 shows a schematic diagram of how various components in interferometry

system 900 used to generate the interferometry signals can be automated under the control of

electronic processor 970, which, in the presently described embodiment, can include an

analytical processor 972 for carrying out mathematical analyses (e.g., comparison to the

model libraries), device controllers 974 for controlling various components in the

interferometry system, a user interface 976 (e.g., a keyboard and display), and a storage

medium 978 for storing information (e.g., library models and calibration information), data

files, and/or automated protocals. Interferometry system 900 generally directs test light 922

to test object 926, which is secured to mount 940 on a stage 950.

First, the system can include a motorized turret 910 supporting multiple objectives

912 and configured to introduce a selected objective into the path of the input light. One or

more of the objectives can be interference objectives, with the different interference

objectives providing different magnifications. Furthermore, in certain embodiments, the

interference objectives can include one (or more) polarization elements (e.g., a linear

polarizer) attached to it (for example, to illuminate a grating pattern with light polarized

orthogonal to the grating lines). In such cases, it the orientation of the polarization element

can be also be under automated control so as to, for example, align the polarization of the

illumination light with respect the grating lines of a patterned structure. Moreover, one or



more of the objectives can be a non-interferometric objective (i.e., one without a reference

leg), each with a different magnification, so that system 900 can also operate in a

conventional microscope mode for collecting optical images of the test surface. Turret 910 is

under the control of electronic processor 970, which selects the desired objective according

to user input or some automated protocol.

Next, the system includes a motorized stage 920 (e.g., a tube lens holder) for

supporting relay lenses 936 and 938. Such a stage can be used for selecting between a

profiling mode, such as that generally contemplated in the present application, or an

ellipsometry or reflectometry mode in which the pupil plane is imaged to the detector, as

described in U.S. Patent Publication No. US-2006-01 58659-A1 entitled

"INTERFEROMETER FOR DETERMINING CHARACTERISTICS OF AN OBJECT

SURFACE" by Colonna de Lega et al., the contents of which are incorporated by reference.

Motorized stage 920 is under the control of electronic processor 970, which selects the

desired relay lens according to user input or some automated protocol. In other

embodiments, in which a translation stage is moved to adjust the position of the detector to

switch between the first and second modes, the translation is under control of electronic

processor. Furthermore, in those embodiments with multiple detection channels, each

detector is coupled to the electronic processor 970 for analysis.

Furthermore, the system can include motorized apertures 930 and 932 under control

of electronic processor 970 to control the dimensions of the field stop and aperture stop,

respectively. Again the motorized apertures are under the control of electronic processor

970, which selects the desired settings according to user input or some automated protocol.

Also, translation stage 980, which is used to vary the relative optical path length

between the test and reference legs of the interferometer, is under the control electronic

processor 970. The translation stage can be coupled to adjust the position of the interference

objective relative to a mount 940 for supporting test object 926. Alternatively, in further

embodiments, the translation stage can adjust the position of the interferometry system as a

whole relative to the mount, or the translation stage can be coupled to the mount, so it is the

mount that moves to vary the optical path length difference.

Furthermore, a lateral translation stage 950, also under the control of electronic

processor 970, can be coupled to the mount 940 supporting the test object to translate



laterally the region of the test surface under optical inspection. In certain embodiments,

translation stage 950 can also orient mount 940 (e.g., provide tip and tilt) so as to align the

test surface normal to the optical axis of the interference objective.

Finally, an object handling station 960, also under control of electronic processor 970,

can be coupled to mount 940 to provide automated introduction and removal of test samples

into system 900 for measurement. For example, automated wafer handling systems known in

the art can be used for this purpose. Furthermore, if necessary, system 900 and object

handling system can be housed under vacuum or clean room conditions to minimize

contamination of the test objects.

The resulting system provides great flexibility for providing various measurement

modalities and procedures. For example, the system can first be configured in the

microscope mode with one or more selected magnifications to obtain optical images of the

test object for various lateral positions of the object. Such images can be analyzed by a user

or by electronic processor 970 (using machine vision techniques) to identify certain regions

(e.g., specific structures or features, landmarks, fiducial markers, defects, etc.) in the object.

Based on such identification, selected regions of the sample can then be studied in the

ellipsometry mode to determine sample properties (e.g., refractive index, underlying film

thickness(es), material identification, etc.).

When used in conjunction with automated object handling system 960, the

measurement procedure can be repeated automatically for a series of samples. This could be

useful for various process control schemes, such as for monitoring, testing, and/or optimizing

one or more semiconductor processing steps.

For example, the system can be used in a semiconductor process for tool specific

monitoring or for controlling the process flow itself. In the process monitoring application,

single/mulit-layer films are grown, deposited, polished, or etched away on unpatterned Si

wafers (monitor wafers) by the corresponding process tool and subsequently the thickness

and/or optical properties are measured using the interferometry system disclosed herein. The

average, as well as within wafer uniformity, of thickness (and/or optical properties) of these

monitor wafers are used to determine whether the associated process tool is operating with

targeted specification or should be retargeted, adjusted, or taken out of production use.



In the process control application, latter single/mulit-layer films are grown, deposited,

polished, or etched away on patterned Si, production wafers by the corresponding process

tool and subsequently the thickness and/or optical properties are measured with the

interferometry system disclosed herein (for example, by using the ellipsometry mode, the

profiling mode, or both). Production measurements used for process control typical include a

small measurement site and the ability to align the measurement tool to the sample region of

interest. This site may consists of multi-layer film stack (that may itself be patterned) and

thus requires complex mathematical modeling in order to extract the relevant physical

parameters. Process control measurements determine the stability of the integrated process

flow and determine whether the integrated processing should continue, be retargeted,

redirected to other equipment, or shut down entirely.

Specifically, for example, the interferometry system disclosed herein can be used to

monitor the following equipment: diffusion, rapid thermal anneal, chemical vapor deposition

tools (both low pressure and high pressure), dielectric etch, chemical mechanical polishers,

plasma deposition, plasma etch, lithography track, and lithography exposure tools.

Additionally, the interferometry system disclosed herein can be used to control the following

processes: trench and isolation, transistor formation, as well as interlayer dielectric formation

(such as dual damascene).The methods and systems described above can be particularly

useful in semiconductor applications. Additional embodiments of the invention include

applying any of the measurement techniques described above to address any of the

semiconductor applications described below, and systems for carrying out both the

measurement techniques and the semiconductor applications.

It is presently of considerable interest in the semiconductor industry to make

quantitative measurements of surface topography. Due to the small size of typical chip

features, the instruments used to make these measurements typically must have high spatial

resolution both parallel and perpendicular to the chip surface. Engineers and scientists use

surface topography measuring systems for process control and to detect defects that occur in

the course of manufacturing, especially as a result of processes such as etching, polishing,

cleaning and patterning.

For process control and defect detection to be particularly useful, a surface

topography measuring system should have lateral resolution comparable to the lateral size of



typical surface features, and vertical resolution comparable to the minimum allowed surface

step height. Typically, this requires a lateral resolution of less than a micron, and a vertical

resolution of less than 1 nanometer. It is also preferable for such a system to make its

measurements without contacting the surface of the chip, or otherwise exerting a potentially

damaging force upon it, so as to avoid modifying the surface or introducing defects. Further,

as it is well-known that the effects of many processes used in chip making depend strongly

on local factors such as pattern density and edge proximity, it is also important for a surface

topography measuring system to have high measuring throughput, and the ability to sample

densely over large areas in regions which may contain one or many surface features of

interest.

It is becoming common among chip makers to use the so-called 'dual damascene

copper1process to fabricate electrical interconnects between different parts of a chip. This is

an example of a process which may be effectively characterized using a suitable surface

topography system. The dual damascene process may be considered to have five parts: (1)

an interlayer dielectric (ILD) deposition, in which a layer of dielectric material (such as a

polymer, or glass) is deposited onto the surface of a wafer (containing a plurality of

individual chips); (2) chemical mechanical polishing (CMP), in which the dielectric layer is

polished so as to create a smooth surface, suitable for precision optical lithography, (3) a

combination of lithographic patterning and reactive ion etching steps, in which a complex

network is created comprising narrow trenches running parallel to the wafer

surface and small vias running from the bottom of the trenches to a lower (previously

defined) electrically conducting layer, (4) a combination of metal deposition steps

which result in the trenches and vias being over-filled with copper, and (5) a final chemical

mechanical polishing (CMP) step in which the excess copper is removed, leaving a network

of copper filled trenches (and possibly vias) surrounded by dielectric material.

Typically the thickness of the copper in the trench areas (i.e., the trench depth), and

the thickness of the surrounding dielectric lie in a range of 0.2 to 0.5 microns. The width of

the resulting trenches may be in a range of from 100 to 100,000 nanometers, and the copper

regions within each chip may in some regions form regular patterns such as arrays of parallel

lines, and in others they may have no apparent pattern. Likewise, within some regions

the surface may be densely covered with copper regions, and in other regions, the copper



regions may be sparse. It is important to appreciate that the polishing rate, and therefore the

remaining copper (and dielectric) thickness after polishing, depends strongly and in a

complex manner on the polishing conditions (such as the pad pressure and polishing slurry

composition), as well as on the local detailed arrangement (i.e., orientation, proximity and

shape) of copper and surrounding dielectric regions.

This 'position dependent polishing rate1is known to give rise to variable surface

topography on many lateral length scales. For example, it may mean that chips located

closer to the edge of a wafer on aggregate are polished more rapidly than those located close

to the center, creating copper regions which are thinner than desired near the edges, and

thicker than desired at the center. This is an example of a 'wafer scale' process nonuniformity

- i.e., one occurring on length scale comparable to the wafer diameter. It is also known that

regions which have a high density of copper trenches polish at a higher rate than nearby

regions with low copper line densities. This leads to a phenomenon known as 'CMP induced

erosion' in the high copper density regions. This is an example of a 'chip scale' process non-

uniformity - i.e., one occurring on a length scale comparable to (and sometimes much less

than) the linear dimensions of a single chip. Another type of chip scale nonuniformity,

known as 'dishing1, occurs within single copper filled trench regions (which tend to polish at

a higher rate than the surrounding dielectric material). For trenches greater than a few

microns in width dishing may become severe with the result that affected lines later exhibit

excessive electrical resistance, leading to a chip failure.

CMP induced wafer and chip scale process nonuniformities are inherently difficult to

predict, and they are subject to change over time as conditions within the CMP processing

system evolve. To effectively monitor, and suitably adjust the process conditions for the

purpose of ensuring that any nonuniformities remain within acceptable limits, it

is important for process engineers to make frequent non-contact surface topography

measurements on chips at a large number and wide variety of locations. This is possible

using embodiments of the interferometry techniques described above.

The interferometer embodiments described above include an interference objective of

the Mirau-type and of the Linnik-type. In the Mirau, the beam splitter in the interference

objective directs the reference light back along the optical axis for the test light. In the

Linnik-type, the beam splitter is positioned prior to the objective lens for the test surface



(with respect to the input light) and directs the test and reference light along different paths.

A separate objective lens is used to focus the reference light to the reference lens. In other

words, the beam splitter separates the input light into the test and reference light, and

separate objective lenses then focus the test and reference light to respective test and

reference surfaces. Ideally the two objective lenses are matched to one another so that the

test and reference light have similar aberrations and optical paths.

In other embodiments, the interferometry system can instead use a different type of

interference objective, such as a Michelson objective, in which the beam splitter directs the

reference light away from the optical axis of the test light (e.g., the beam splitter can be

oriented at 45 degrees to the input light so the test light and reference travel at right angles to

one another). In such cases, the reference surface can be positioned outside of the path of the

test light.

Additional interferometer configurations are also possible. For example, the system

can be configured to collect test light that is transmitted through the test sample and then

subsequently combined with reference light. For such embodiments, for example, the system

can implement a Mach-Zehnder interferometer with dual microscope objectives on each leg.

The light source in the interferometer may be any of: an incandescent source, such as

a halogen bulb or metal halide lamp, with or without spectral bandpass filters; a broadband

laser diode; a light-emitting diode; a combination of several light sources of the same or

different types; an arc lamp; any source in the visible spectral region; any source in the IR

spectral region, particularly for viewing rough surfaces & applying phase profiling; and any

source in the UV spectral region, particularly for enhanced lateral resolution. For broadband

applications, the source preferably has a net spectral bandwidth broader than 5% of the mean

wavelength, or more preferably greater than 10%, 20%, 30%, or even 50% of the mean

wavelength. For tunable, narrow-band applications, the tuning range is preferably broad

(e.g., greater than 50 nm, greater than 100 nm, or greater than even 200 nm, for visible light)

to provide information over a wide range of wavelengths, whereas the spectral width at any

particular setting is preferable narrow, to optimize resolution, for example, as small as 10 nm,

2 nm, or 1 nm. The source may also include one or more diffuser elements to increase the

spatial extent of the input light being emitted from the source.



Furthermore, the various translations stages in the system, such as translation stage

150, may be: driven by any of a piezo-electric device, a stepper motor, and a voice coil;

implemented opto-mechanically or opto-electronically rather than by pure translation (e.g.,

by using any of liquid crystals, electro-optic effects, strained fibers, and rotating waveplates)

to introduce an optical path length variation; any of a driver with a flexure mount and any

driver with a mechanical stage, e.g. roller bearings or air bearings. As noted above, while the

phase-shifting for the scanning interferometry signal is often done by using a mechanical

translation stage, it is also possible to vary the phase between the test and reference legs of

the interferometer by varying the wavelength of the source when there is a non-zero optical

path length difference between the test and reference legs.

The electronic detector can be any type of detector for measuring an optical

interference pattern with spatial resolution, such as a multi-element CCD or CMOS detector.

Any of the computer analysis methods described above can be implemented in

hardware or software, or a combination of both. The methods can be implemented in

computer programs using standard programming techniques following the method and

figures described herein. Program code is applied to input data to perform the functions

described herein and generate output information. The output information is applied to one

or more output devices such as a display monitor. Each program may be implemented in a

high level procedural or object oriented programming language to communicate with a

computer system. However, the programs can be implemented in assembly or machine

language, if desired. In any case, the language can be a compiled or interpreted language.

Moreover, the program can run on dedicated integrated circuits preprogrammed for that

purpose.

Each such computer program is preferably stored on a storage medium or device

(e.g., ROM or magnetic diskette) readable by a general or special purpose programmable

computer, for configuring and operating the computer when the storage media or device is

read by the computer to perform the procedures described herein. The computer program

can also reside in cache or main memory during program execution. The analysis method

can also be implemented as a computer-readable storage medium, configured with a

computer program, where the storage medium so configured causes a computer to operate in

a specific and predefined manner to perform the functions described herein.While the



specific descriptions above often refer to a scanning interferometry signal for which limited

coherence in the interferometry system causes localization of the interference fringes; for

many embodiments, it is also possible to extract information about complex surface features

from interferometry signal(s) not having such fringe localization.

For example, interferometry signals from different locations of the test object that do

not have fringe localization can still be used to generate an apparent surface profile for the

test object, and that apparent surface profile, or information derived there from, can be

compared to models of the expected response for different values of lateral surface features

of the test object that are not-resolved or obscured in the apparent surface profile to

determine information about such under-resolved features in much the same way as that

described above for low coherence scanning interferometry signals. Techniques for

extracting surface profile information from such "high" coherence interferometry signals are

generally referred to as phase shifting interferometry (PSI) algorithms, and are well-known in

the art. See, for example, the background and contents of U.S. Patent No. 6,359,692, entitled

"METHOD AND SYSTEM FOR PROFILING OBJECTS HAVING MULTIPLE

REFLECTIVE SURFACES USING WAVELENGTH-TUNING PHASE-SHIFTING

INTERFEROMETRY," the contents of which are incorporated herein by reference. To

generate the interferometry data for such PSI analysis, the interferometry signal for a given

pixel can be generating by mechanically varying the optical path length difference between

the reference and measurement legs, or by varying the wavelength of the light for a fixed,

non-zero optical path length difference between the reference and measurement legs.

A number of embodiments of the invention have been described. Nevertheless, it will

be understood that various modifications may be made without departing from the spirit and

scope of the invention.



WHAT IS CLAIMED IS:

1. A method comprising:

comparing information derivable from multiple interferometry signals corresponding

to different surface locations of a test object to information corresponding to multiple models

of the test object, wherein the multiple models are parametrized by a series of characteristics

that relate to one or more under-resolved lateral features of the test object; and

outputting information about the under-resolved surface feature based on the

comparison.

2 . The method of claim 1, wherein the one or more under-resolved lateral

features of the test object correspond to one or more of a pitch, a modulation depth, and an

element width for an under-resolved patterned lateral structure on the test object.

I

3. The method of claim 1, wherein the one or more under-resolved lateral

features of the test object correspond to at least a modulation depth for an under-resolved

patterned lateral structure on the test object.

4. The method of claim 3, wherein the series of characteristics are different

values for the modulation depth.

5. The method of claim 4, wherein the multiple models are represented by a

correlation that maps possible outcomes for the information derivable from the multiple

interferometry signals to corresponding ones of the different values for the modulation depth,

and the comparing comprises determining which of the different values for the modulation

depth best corresponds to the information derivable from the multiple interferometry signals.

6. The method of claim 3, wherein the modulation depth can be expressed

relative to bias offset value.



7. The method of claim 2, wherein at least some of the interferometry signals are

derived from an illumination of the test object whose polarization is oriented with respect to

the elements of the patterned lateral structure.

8. The method of claim 7, wherein the polarization is a linear polarization

aligned orthogonal to the length of the individual elements that define the patterned lateral

structure, (x-polarization)

9. The method of claim 1, wherein the one or more under-resolved lateral

features of the test object correspond to one or more of a height and a position of a step on

the test object.

10 . The method of claim 9, wherein the series of characteristics comprise different

values for the height or position of the step height.

11. The method of claim 1, wherein the information derivable from the multiple

interferometry signals comprises one or more values extracted from a height profile for the

test object derived from the multiple interferometry signals, wherein the under-resolved

surface feature is obscured or does not apparent in the extracted height profile.

12. The method of claim 11, wherein the test object comprises a patterned lateral

structure whose individual element are obscured or do not apparent in the extracted surface

height profile.

13. The method of claim 12, wherein the information derivable from the multiple

interferometry signals is a value for a height for a collection of under-resolved elements in

the patterned lateral structure extracted from the height profile.

14. The method of claim 13, wherein the information about the under-resolved

surface feature corresponds to one or more of a modulation depth and an element width for

the patterned lateral structure.



15. The method of claim 13, wherein the different surface locations for the

interferometry signals include a reference portion of the test object providing a reference

height value for the extracted height profile.

16. The method of claim 15, wherein the test object is etched to produce the

patterned structure, and wherein the reference portion of the test object is a portion of the test

object known to not be etched.

17. The method of claim 12, wherein at least some of the interferometry signals

from which the height profile is determined are derived from an illumination of the test

object whose polarization is oriented with respect to the elements of the patterned lateral

structure.

18. The method of claim 17, wherein the polarization is a linear polarization

aligned orthogonal to the length of the individual elements that define the patterned lateral

structure (x-polarization)

19 . The method of claim 11, wherein the height profile is obtained from a

frequency domain analysis of the interferometry signals.

20. The method of claim 11, wherein the height profile is obtained from a relative

position of a coherence peak in each interferometry signal.

21. The method of claim 1, wherein the under-resolved lateral features of the test

object have a feature size smaller than 400 nm.

22. The method of claim 1, wherein the under-resolved lateral features of the test

object have a feature size smaller than 200 nm.



23. The method of claim 1, wherein the under-resolved lateral features of the test

object have a feature size smaller than 100 nm.

24. The method of claim 1, wherein the models are generated computationally

using rigorous coupled wave analysis (RCWA).

25. The method of claim 1, wherein the models are generated empirically from

test objects having known properties.

26. The method of claim 1, wherein the information about the under-resolved

surface feature is outputted to a user.

27. The method of claim 1, wherein the information about the under-resolved

surface feature is outputted to an automated process control system for semiconductor

manufacturing.

28. The method of claim 1, wherein the interferometry signals are scanning

interferometry signals.

29. The method of claim 28, wherein the scanning interferometry signal is

produced by imaging test light emerging from the test object to interfere with reference light

on a detector, and varying an optical path length difference from a common source to the

detector between interfering portions of the test and reference light, wherein the test and

reference light are derived from the common source, and wherein the scanning

interferometry signal corresponds to an interference intensity measured by the detector as the

optical path length difference is varied.

30. The method of claim 29, further comprising producing the scanning

interferometry signal.



31. The method of claim 29, wherein the test and reference light have a spectral

bandwidth greater than 5% of a central frequency for the test and reference light.

32. The method of claim 31, wherein the common source has a spectral coherence

length, and the optical path length difference is varied over a range larger than the spectral

coherence length to produce the scanning interferometry signal.

33 . The method of claim 29, wherein optics used to direct test light onto the test

object and image it to the detector define a numerical aperture for the test light greater than

0.8.

34. The method of claim 33, wherein the common source is a spatially extended

source.

35. A method for determining one or more spatial properties of a grating structure

on a test object, wherein the grating structure comprises line elements having widths smaller

than 400 run so that the line elements are not fully resolved by an interference microscope,

the method comprising:

determining an apparent height for a collection of at least some of the grating lines

from interference signals at different locations of the test object measured by the interference

microscope;

providing an expected response for the interference microscope for different possible

values for the properties of the grating structure, wherein the expected response includes

contributions from under-resolved line elements of the grating structure;

comparing the apparent height to the expected response for the different possible

values to determine information about the spatial properties of a grating structure; and

outputting the determined information about the spatial properties of the grating

structure.

36. The method of claim 35, wherein the apparent height is determined with

reference to a reference portion of the test object.



37. The method of claim 35, wherein the interference microscope illuminates the

' grating structure with light polarized orthogonal to length of the individual grating lines

when determining the apparent height.

38. The method of claim 35, wherein the determined information about the spatial

properties of the grating structure corresponds to a modulation depth for the grating structure.

39. The method of claim 35, wherein the grating structure is a series of

periodically spaced lines formed at least in part by etching portions of the test object between

the lines.

40. The method of claim 35, wherein the interference signals are scanning

interference signals produced by imaging test light emerging from the test object to interfere

with reference light on a detector, and varying an optical path length difference from a

common source to the detector between interfering portions of the test and reference light,

wherein the test and reference light are derived from the common source, and wherein each

scanning interferometry signal corresponds to an interference intensity measured by the

detector as the optical path length difference is varied.

4 1. The method of claim 40, wherein the optical path length difference is varied

over a range larger than the coherence length of the interference microscope.

42. A method comprising:

determining one or more apparent properties of a test surface from interferometry

signals produced by an interferometry system;

comparing the apparent properties determined from the interferometry signals to an

expected response for the interferometry system for different possible values for one or more

under-resolved features of the test surface; and

outputting information about the one or more under-resolved features of the test

surface based on the comparison.



43 . The method of claim 42, wherein the interferometry system is a scanning

interferometry system.

44. The method of claim 42, wherein the apparent properties of the test surface

are determining from the interferometry signal based on variations in any of interference

phase, interference contrast, and surface reflectivity.

45. The method of claim 42, wherein the expected response is calculated for

variations in one or more of surface height and surface composition.

46. The method of claim 42, wherein the test surface comprises a patterned

structure having a modulation depth, a periodicity, and elements having a width, and wherein

the expected response is calculated for variations in one or more of the modulation depth, the

periodicity, and element width.

47. The method of claim 46, wherein the expected response is calculated for

variations in the modulation depth.

48. The method of claim 47, wherein the correspondence between the actual

modulation depth and the apparent modulation calculated for the expected response includes

a positive correlation over a first range of actual modulation depths and a negative correlation

over a second range of actual modulation depths.

49. The method of claim 42, using the information about the one or more under-

resolved features to monitor one or more semiconductor processing steps.

50. The method of claim 49, wherein the semiconductor processing steps include

any of isolation patterning and etch, poly-silicon gate electrode patterning and etch,

source/drain etch and deposition, and metallization patterning, etch, and polish processing.



51. Apparatus comprising:

a computer readable medium having a program that causes a processor in a computer

to compare information derivable from multiple interferometry signals corresponding to

different surface locations of a test object to information corresponding to multiple models of

the test object, wherein the multiple models are parametrized by a series of characteristics

that relate to one or more under-resolved lateral features of the test object, and output

information about the under-resolved surface feature based on the comparison.

52. Apparatus comprising:

an interferometry system configured to produce multiple interferometry signals

corresponding to different surface locations of a test object; and

an electronic processor coupled to the interferometry system to receive the

interferometry signals and programmed to compare information derivable from the multiple

interferometry signals to information corresponding to multiple models of the test object,

wherein the multiple models are parametrized by a series of characteristics that relate to one

or more under-resolved lateral features of the test object, and output information about the

under-resolved surface feature based on the comparison.

53. An apparatus for determining one or more spatial properties of a grating

structure on a test object, wherein the grating structure comprises line elements having

widths smaller than 400 nm so that the line elements are not fully resolved by an interference

microscope, the apparatus comprising:

a computer readable medium having a program that causes a processor in a computer

to: 1) determine an apparent height for a collection of at least some of the grating lines from

interference signals at different locations of the test object measured by the interference

microscope; 2) provide an expected response for the interference microscope for different

possible values for the properties of the grating structure, wherein the expected response

includes contributions from under-resolved line elements of the grating structure; 3) compare

the apparent height to the expected response for the different possible values to determine

information about the spatial properties of a grating structure; and 4) output the determined

information about the spatial properties of the grating structure.



54. An apparatus for determining one or more spatial properties of a grating

structure on a test object, wherein the grating structure comprises line elements having

widths smaller than 400 nm so that the line elements are not fully resolved by an interference

microscope, the apparatus comprising:

the interference microscope; and

an electronic processor coupled to the interference microscope and programmed to: 1)

determine an apparent height for a collection of at least some of the grating lines from

interference signals at different locations of the test object measured by the interference

microscope; 2) provide an expected response for the interference microscope for different

possible values for the properties of the grating structure, wherein the expected response

includes contributions from under-resolved line elements of the grating structure; 3) compare

the apparent height to the expected response for the different possible values to determine

information about the spatial properties of a grating structure; and 4) output the determined

information about the spatial properties of the grating structure.

55. Apparatus comprising:

a computer readable medium having a program that causes a processor in a computer

to: 1) determine one or more apparent properties of a test surface from interferometry signals

produced by an interferometry system; 2) compare the apparent properties determined from

the interferometry signals to an expected response for the interferometry system for different

possible values of one or more under-resolved features of the test surface; and 3) output

information about the one or more under-resolved features of the test surface based on the

comparison.

56. Apparatus comprising:

an interferometry system configured to produce multiple interferometry signals

corresponding to different surface locations of a test object; and

an electronic processor coupled to the interferometry system to receive the

interferometry signals and programmed to: 1) determine one or more apparent properties of a

test surface from the interferometry signals; 2) compare the apparent properties determined



from the interferometry signals to an expected response for the interferometry system for

different possible values of one or more under-resolved features of the test surface; and 3)

output information about the one or more under-resolved features of the test surface based on

the comparison.






















































	front-page
	description
	claims
	drawings

