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ABSTRACT

Apparatuses and methods for evaluating microstructures on
workpieces are disclosed herein. In one embodiment, a
scatterometer comprises an irradiation source, an optic
member, and an object lens assembly. The irradiation Source
can be a laser that produces a beam of radiation at a
wavelength. The optic member is aligned with the path of
the beam and configured to condition the beam (e.g., shape,
randomize, select order, diffuse, converge, diverge, colli
mate, etc.), and the object lens assembly is positioned
between the optic member and a workpiece site. The object
lens assembly is configured to (a) simultaneously focus the
conditioned beam through a plurality of altitude angles to a
spot at an object focal plane, (b) receive radiation scattered
from a workpiece, and (c) present a distribution of the
scattered radiation at a second focal plane. The object lens
assembly maintains a sine relationship between the altitude
angles and corresponding points on the radiation distribution
at the second focal plane. The scatterometer further includes
a mask positioned between the optic member and the object
lens assembly, and a detector positioned to receive at least
a portion of the radiation distribution. The mask is aligned
with the path of the beam to block a portion of the condi
tioned beam. The mask is configured to at least partially
separate the zeroth-order diffraction and the higher-order
diffractions in the radiation distribution at the second focal

plane. The detector is configured to produce a representation
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of the radiation distribution.
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APPARATUSES AND METHODS FOR ENHANCED
CRITICAL DIMIENSION SCATTEROMETRY
CROSS-REFERENCE TO RELATED
APPLICATIONS

0001. This application is a continuation-in-part of U.S.
patent application Ser. No. 1 1/361,670, entitled “Apparatus
and Method for Enhanced Critical Dimension Scatterom

etry,” filed on Feb. 24, 2006, which claims the benefit of
U.S. Provisional Patent Application No. 60/656,712, filed
Feb. 25, 2005, both of which are incorporated by reference
herein.
TECHNICAL FIELD

0002 The present invention is related to apparatuses and
methods for evaluating microstructures on a workpiece,
Such as a semiconductor wafer, by obtaining a representation
of the distribution of radiation returning from the workpiece
through a large range of angles of incidence.
BACKGROUND

0003. Semiconductor devices and other microelectronic
devices are typically manufactured on a workpiece having a
large number of individual dies (e.g., chips). Each wafer
undergoes several different procedures to construct the
Switches, capacitors, conductive interconnects, and other
components of a device. For example, a workpiece can be
processed using lithography, implanting, etching, deposi
tion, planarization, annealing, and other procedures that are
repeated to construct a high density of features. One aspect
of manufacturing microelectronic devices is evaluating the
workpieces to ensure that the microstructures are within the
desired specifications.
0004 Scatterometry is one technique for evaluating sev
eral parameters of microstructures. With respect to semi
conductor devices, scatterometry is used to evaluate film
thickness, line spacing, trench depth, trench width, and other
aspects of microstructures. Many semiconductor wafers, for
example, include gratings in the scribe lanes between the
individual dies to provide a periodic structure that can be
evaluated using existing scatterometry equipment. One
existing scatterometry process includes illuminating Such
periodic structures on a workpiece and obtaining a repre
sentation of the scattered radiation returning from the peri
odic structure. The representation of return radiation is then
analyzed to estimate one or more parameters of the micro
structure. Several different scatterometers and methods have

been developed for evaluating different aspects of micro
structures and/or films on different types of substrates.
0005 Eldim Corporation of France manufactures devices
that measure the photometric and calorimetric characteris
tics of Substrates used in flat panel displays and other
products. The Eldim devices use an Optical Fourier Trans
form (OFT) instrument having an illumination source, a
beam splitter aligned with the illumination source, and a first
lens between the beam splitter and the sample. The first lens
focuses the light from the beam splitter to a spot size on the
wafer throughout a large range of angles of incidence (e.g.,
d=0° to 360° and 0=0° to 88°). The light reflects from the
sample, and the first lens also focuses the reflected light in
another plane. The system further includes an optical relay
system to receive the reflected light and a sensor array to
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image the reflected light. International Publication No. WO
2005/026707 and U.S. Pat. Nos. 6,804,001: 6,556,284;

5,880.845; and 5,703,686 disclose various generations of
scatterometers. The scatterometers set forth in these patents
are useful for assessing the photometric and calorimetric
properties of flat panel displays, but they may have several
drawbacks for assessing parameters of extremely small
microstructures on microelectronic workpieces.
0006. One challenge of using scatterometry to evaluate
very small microstructures is obtaining a useful representa
tion of the radiation returning from Such microstructures.
For example, the scatterometers used to analyze flat panel
displays may have relatively large spot sizes that are not
useful to measure the properties of a 20-40 Lim grating
because such large spot sizes generate reflections from the
Surrounding areas that result in excessive noise. Moreover,
existing scatterometers that assess the films and Surface
conditions of flat panel displays typically use relatively long
wavelengths of light (e.g., 532 nm). In contrast to flat panel
displays, many microstructures on semiconductor wafers
have line widths smaller than 70 nm. As a result, the

relatively long wavelengths used to assess flat panel displays
may not be capable of assessing very Small microstructures
on many microelectronic devices. Therefore, devices
designed for assessing flat panel displays may not be well
Suited for assessing gratings or other microstructures having
much Smaller dimensions on microelectronic workpieces.
0007 Another challenge of assessing microstructures
using scatterometry is processing the data in the represen
tation of the return radiation. Many scatterometers calculate
simulated or modeled representations of the return radiation
and then use an optimization regression to optimize the fit
between the simulated representations and an actual reflec
tance signal. Such optimization regressions require a sig
nificant amount of processing time using high-power com
puters because the actual reflectance signals for
measurements through a large range of incidence angles
contain a significant amount of data that is affected by a large
number of variables. The computational time, for example,
can require several minutes such that the Substrates are
typically evaluated offline instead of being evaluated in-situ
within a process tool. Moreover, the simulated representa
tions are typically based on data from the Zeroth-order
diffraction, because the vector of the reflected beam is

exactly opposite the angle of incidence, and also because the
reflected (zeroth-order) radiation is typically the most
intense. Higher order simulations may also be used to solve
the inverse problem, either with or without the complemen
tary zeroth-order. The diffracted orders may take different
paths through the optical system, necessitating different
calibration coefficients for each potential optical path. As a
result, it is sometimes useful to decouple the Zeroth-order
return radiation from the higher orders, and to decouple the
higher orders from each other.
BRIEF DESCRIPTION OF THE DRAWINGS

0008 FIG. 1 is a schematic illustration of a scatterometer
in accordance with one embodiment of the invention.

0009 FIG. 2A is a schematic view illustrating an optical
system for use in a scatterometer in accordance with an
embodiment of the invention.
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0010 FIG. 2B is a schematic view of a cube-type polar
izing beam splitter for use in a scatterometer in accordance
with an embodiment of the invention.

0011 FIG. 2C is a schematic view of a CMOS imager for
use in a scatterometer in accordance with an embodiment of
the invention.

0012 FIG. 3 is a schematic top plan view of the mask
illustrated in FIG. 2A.

0013 FIG. 4 illustrates one embodiment of the conver
gent beam formed by the optical system illustrated in FIG.
2A.

0014 FIG. 5 is a schematic diagram illustrating a con
vergent beam in accordance with one embodiment of the
invention.

0.015 FIG. 6 is a schematic illustration of an embodi
ment of the navigation system and the auto-focus system for
use in the scatterometer.

0016 FIG. 7 is a schematic illustration of a simulated
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tion the beam (e.g., shape, randomize, select order, diffuse,
converge, diverge, collimate, etc.), and the object lens
assembly is positioned between the optic member and a
workpiece site. The object lens assembly is configured to (a)
simultaneously focus the conditioned beam through a plu
rality of altitude angles to a spot at an object focal plane, (b)
receive radiation scattered from a workpiece, and (c) present
a distribution of the scattered radiation at a second focal

plane. For example, the radiation distribution can be the
intensity, polarimetric, ellipsometric, and/or reflectance dis
tribution of the scattered radiation. The object lens assembly
maintains a sine relationship between the altitude angles and
corresponding points on the radiation distribution at the
second focal plane. The scatterometer further includes a
mask positioned between the optic member and the object
lens assembly, and a detector positioned to receive at least
a portion of the radiation distribution. The mask is aligned
with the path of the beam to block a portion of the condi
tioned beam. The mask is configured to at least partially
separate the Zeroth-order diffraction and the higher-order
diffractions in the radiation distribution at the second focal

radiation distribution based on the mask illustrated in FIG.
3.

plane. The detector is configured to produce a representation

0017 FIG. 8 illustrates one embodiment for ascertaining
the feature parameters of a microstructure in accordance

0024. Another embodiment of a scatterometer in accor
dance with the invention comprises a radiation source con
figured to produce a beam of radiation having a wavelength
and an optical system aligned with the beam of radiation.
The optical system includes a first optics assembly, an object
lens assembly, and a mask. The first optics assembly is
configured to condition the beam of radiation Such that beam
is diffuse and randomized. The object lens assembly is
configured to (a) focus the beam at an area of an object focal
plane, and (b) present a radiation distribution of radiation
scattered from a microstructure at a second focal plane. The
mask is shaped to block a portion of the beam Such that a
specific diffraction order is at least partially isolated from

with the invention.

0018 FIG. 9 is a schematic top plan view of a mask in
accordance with another embodiment of the invention.

0.019

FIG. 10 is a schematic top plan view of a mask in

accordance with another embodiment of the invention.

0020 FIG. 11 is a schematic top plan view of a mask in
accordance with another embodiment of the invention.

0021

FIG. 12 is a schematic top plan view of a mask in

accordance with another embodiment of the invention.
DETAILED DESCRIPTION

A. Overview

0022. The present invention is directed toward evaluating
microstructures on microelectronic workpieces and other
types of Substrates. Many applications of the present inven
tion are directed toward Scatterometers and methods of using
scatterometry to determine several parameters of periodic
microstructures, pseudo-periodic structures, and other very
Small structures having features sizes as Small as 100 nm or
less. Several specific embodiments of the present invention
are particularly useful in the semiconductor industry to
determine the width, depth, line edge roughness, wall angle,
film thickness, and many other parameters of the features
formed in microprocessors, memory devices, and other
semiconductor devices. The scatterometers and methods of

the invention, however, are not limited to semiconductor

applications and can be applied equally well in other appli
cations.

0023. One aspect of the invention is directed toward
scatterometers for evaluating microstructures on work
pieces. In one embodiment, a scatterometer comprises an
irradiation source, an optic member, and an object lens
assembly. The irradiation source can be a laser that produces
a beam of radiation at a wavelength. The optic member is
aligned with the path of the beam and configured to condi

of the radiation distribution.

another diffraction order in the radiation distribution at the

second focal plane. The scatterometer further includes (a) a
detector positioned to receive the radiation distribution of
the scattered radiation and configured to produce a repre
sentation of the radiation distribution, and (b) a computer
operatively coupled to the detector for receiving a predeter
mined portion of the representation of the radiation distri
bution based on the configuration of the mask. The computer
includes a database having a plurality of simulated radiation
distributions corresponding to different sets of parameters of
a microstructure and a computer-operable medium contain
ing instructions that cause the computer to identify a simu
lated radiation distribution that adequately fits the predeter
mined portion of the representation of the radiation
distribution produced by the detector.
0025. Another aspect of the invention is directed toward
several methods for evaluating microstructures on work
pieces. In one embodiment, a method includes generating a
beam having a wavelength and irradiating a microstructure
on a workpiece by passing the beam through an object lens
assembly that focuses the beam to a focus area at a focal
plane. The focus area has a dimension not greater than 50 um
or in other embodiments at least approximately 10 of the
periodic features of the microstructure, and the beam simul
taneously has altitude angles of 0° to at least 15° and
azimuth angles of 0° to at least 90°. In several applications,
the focus area is not greater than 30 Jum, and the altitude
angles are 0° to at least 45°. The altitude angles can be from
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0° to at least 70° in other examples. The method further
includes detecting an actual radiation distribution corre
sponding to radiation scattered from the microstructure with
the Zeroth-order diffraction pattern at least partially sepa
rated from the higher-order diffraction patterns.
0026 Various embodiments of the invention are
described in this section to provide specific details for a
thorough understanding and enabling description of these
embodiments. A person skilled in the art, however, will
understand that the invention may be practiced without
several of these details or additional details can be added to
the invention. Well-known structures and functions have not

been shown or described in detail to avoid unnecessarily
obscuring the description of the embodiments of the inven
tion. Where the context permits, singular or plural terms may
also include the plural or singular term, respectively. More
over, unless the word 'or' is expressly limited to mean only
a single item exclusive from the other items in reference to
a list of two or more items, then the use of 'or' in such a list

is to be interpreted as including (a) any single item in the list,
(b) all of the items in the list, or (c) any combination of items
in the list.
B. Embodiments of Scatterometers and Methods for Evalu

ating Microstructures on Workpieces
0027 FIG. 1 is a schematic illustration of a scatterometer
10 in accordance with one embodiment of the invention. In

this embodiment, the scatterometer 10 includes an irradia

tion source 100 that generates a beam 102 at a desired
wavelength. The irradiation source 100 can be a laser system
and/or lamp capable of producing (a) a beam 102 at a single
wavelength, (b) a plurality of beams at different wave
lengths, or (c) any other output having a single wavelength
or a plurality of wavelengths. In many applications directed
toward assessing microstructures on semiconductor work
pieces, the irradiation source 100 is a laser that produces a
beam having a wavelength less than 500 nm, and more
preferably in the range of approximately 266 mm-475 nm.
For example, the wavelength can be about 375 nm-475 nm,
or in some specific examples about 405 nm or 457 nm. In a
different embodiment, the irradiation source 100 can include

a plurality of different lasers and/or filters to produce a first
beam having a first wavelength of approximately 266 mm
and a second beam having a second wavelength of approxi
mately 405 nm, or in another embodiment the first beam can
have a wavelength of 405 nm and the second beam can have
a wavelength of 457 nm. It will be appreciated that the
irradiation source 100 can produce additional wavelengths
having shorter or longer wavelengths in the UV spectrum,
visible spectrum, and/or another suitable spectrum. The
irradiation source 100 can further include a fiber optic cable
to transmit the beam 102 through a portion of the apparatus.
0028. The scatterometer 10 further includes an optical
system 200 between the irradiation source 100 and a work
piece W. In one embodiment, the optical system 200
includes a first optics assembly 210 that conditions the beam
102 to form a conditioned beam 212. The illustrated first

optics assembly 210 includes a mask 220 for blocking a
portion of the beam 102 to at least partially isolate specific
diffraction orders in the output. For example, the mask 220
can separate the zeroth-order diffraction and higher-order
diffractions in the output, as explained in greater detail
below with reference to Section E. The first optics assembly
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210 can also include (a) a beam diffuser/randomizer that

diffuses and randomizes the radiation to reduce or eliminate

the coherence of the beam 102, and (b) a beam element that
shapes the beam 102 to have a desired cross-sectional
dimension, shape, and/or convergence-divergence. The
beam element, for example, can shape the beam 212 to have
a circular, rectilinear, or other Suitable cross-sectional shape
for presentation to additional optic elements downstream
from the first optics assembly 210.
0029. The optical system 200 can further include an
object lens assembly 300 that focuses the conditioned beam
212 for presentation to the workpiece W and receives
radiation reflected from the workpiece W. The object lens
assembly 300 is configured to receive the conditioned beam
212 and form a convergent beam 310 focused at a discrete
focus area S on a desired focal plane. Such as an object focal
plane 320. The shape of the convergent beam 310 is related
to the cross-sectional shape of the conditioned beam 212,
which is based in part on the configuration of the mask 220.
For example, when the conditioned beam 212 has a semi
circular cross-sectional area, the convergent beam 310 has a
half conical shape. As explained in more detail below with
reference to Section C, the convergent beam 310 can have a
range of incidence angles having altitude angles of 0° to
greater than approximately 70° and azimuth angles of 0° to
greater than 90° (e.g., 0-360°). The altitude angle is the angle
between an incident ray and a reference vector normal to the
object focal plane 320, and the azimuth angle is the angle
between an incident plane and a reference vector in a plane
parallel to the object focal plane 320. The large range of
incidence angles generates a large number of unique data
points that enable accurate evaluations of several parameters
of the microstructure.

0030) The focus area at the object focal plane 320 pref
erably has a size and shape Suitable for evaluating the
particular microstructure. For example, when the micro
structure is a grating or other structure on a workpiece
having a maximum dimension of approximately 10-40 um,
then the focus area is also approximately 10-40 um. In one
embodiment, the size of the focal area is less than or equal
to the size of the microstructure so that the radiation does not

reflect from features outside of the particular microstructure.
In many applications, therefore, the object lens assembly
300 is configured to produce a spot size generally less than
40 Lim (e.g., less than 30 um). The scatterometer 10 can have
larger focus areas in other embodiments directed to assess
ing larger structures.
0.031) The object lens assembly 300 is further configured
to collect the scattered radiation reflecting or otherwise
returning from the workpiece W and present the scattered
radiation on a second focal plane 340. The object lens
assembly 300, more particularly, presents the scattered
radiation in a manner that provides a radiation distribution of
the scattered radiation at the second focal plane 340. In one
embodiment, the object lens assembly 300 directs the scat
tered radiation coming at particular angles from the object
focal plane 320 to corresponding points on the second focal
plane 340. Additional aspects of specific embodiments of the
object lens assembly 300 are further described below with
reference to Section C.

0032. The optical system 200 can further include a beam
splitter 230 through which the conditioned beam 212 can
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pass to the object lens assembly 300 and from which a
portion of the return beam propagating away from the
second focal plane 340 is split and redirected. The optical
system 200 can optionally include a second optics assembly
240 that receives the split portion of the return beam from
the beam splitter 230. The second optics assembly 240 is
configured to prepare the return beam for imaging by an
imaging device. Additional aspects of specific embodiments
of the second optics assembly 240 are described below with
reference to Section C.

0033. The scatterometer 10 further includes a detector
400 positioned to receive the radiation distribution propa
gating back from the second focal plane 340. The detector
400 can be a CCD array, CMOS imager, other suitable
cameras, or other Suitable energy sensors for accurately
measuring the radiation distribution. The detector 400 is
further configured to provide or otherwise generate a rep
resentation of the radiation distribution. For example, the
representation of the radiation distribution can be data stored
in a database, an image Suitable for representation on a
display, or other suitable characterizations of the radiation
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400 to ensure the accuracy of the scatterometer 10, and/or
(c) provides angular calibration of the system. In one
embodiment, the calibration system includes a detector 700
and a beam splitter 702 that directs a portion of the initial
beam 102 to the detector 700. The detector 700 monitors

changes in the intensity of the beam 102 in real time to
continuously maintain the accuracy of the measured radia
tion distribution. The detector 700 can also or alternatively
measure phase changes or a differential intensity. The cali
bration system, for example, can use the polarity of the
return radiation to calibrate the system.
0037. The calibration system can further include a cali
bration unit 704 having one or more calibration members for
calibrating the detector 400. In one embodiment, the cali
bration unit 704 includes a first calibration member 710

having a first reflectance of the wavelength of the beam and
a second calibration member 720 having a second reflec
tance of the wavelength of the beam. The first calibration
member 710 can have a very high reflectance, and the
second calibration member 720 can have a very low reflec
tance to provide two data points for calibrating the detector

distribution. Several embodiments of the detector 400 are

400. In other embodiments, the second calibration member

described below in greater detail with reference to Section

720 can be eliminated and the second relectance can be

D.

0034. The scatterometer 10 can further include a naviga
tion system 500 and an auto-focus system 600. The navi
gation system 500 can include a light source 510 that
illuminates a portion of the workpiece W and optics 520 that
view the workpiece W. As explained in more detail below,
the navigation system 500 can have a low magnification
capability for locating the general region of the microstruc
ture on the workpiece (e.g., global alignment), and a high
magnification capability for precisely identifying the loca
tion of the microstructure. Several embodiments of the

navigation system can use the irradiation source 100 and
components of the optical system 200. The navigation
system 500 provides information to move the object lens
assembly 300 and/or a workpiece site 510 to accurately
position the focus area of the object lens assembly 300 at the
desired microstructure on the workpiece W. In other
embodiments, the scatterometer 10 may not include the
navigation system 500.
0035. The auto-focus system 600 can include a focus
array 610, and the optical system 200 can include an
optional beam splitter 250 that directs radiation returning
from the workpiece W to the focus array 610. The auto-focus
system 600 is operatively coupled to the object lens assem
bly 300 and/or the workpiece site 510 to accurately position
the microstructure on the workpiece W at the object focal
plane 320 of the object lens assembly 300 or another plane.
The navigation system 500 and the auto-focus system 600
enable the scatterometer 10 to evaluate extremely small
features of very small microstructures on semiconductor
devices or other types of microelectronic devices. In other
embodiments, the scatterometer 10 may not include the
auto-focus system 600.
0036) The scatterometer 10 further includes a calibration
system for monitoring the intensity of the beam 102 and
maintaining the accuracy of the other components. The
calibration system (a) monitors the intensity, phase, wave
length, or other property of the beam 102 in real time, (b)
provides an accurate reference reflectance for the detector

measured from free space.
0038. The scatterometer 10 further includes a computer
800 operatively coupled to several of the components. In one
embodiment, the computer 800 is coupled to the irradiation
source 100, the detector 400, the navigation system 500, the
auto-focus system 600, and the reference detector 700. The
computer 800 is programmed to operate the irradiation
source 100 to produce at least a first beam having a first
wavelength and, in several applications, a second beam
having a second wavelength, as described above. The com
puter 800 can also control the source 100 to control the
output intensity of the beam. The computer 800 further
includes modules to operate the navigation system 500 and
the auto-focus system 600 to accurately position the focus
area of the convergent beam 310 at a desired location on the
wafer W and in precise focus.
0039. In several embodiments, the computer 800 further
includes a computer-operable medium for processing the
measured radiation distribution to provide an evaluation of
the microstructure on the workpiece W. For example, the
computer 800 can include a database having a plurality of
simulated radiation distributions corresponding to known
parameters of the microstructure. The computer 800 can
include computer-operable media to process the measured
radiation distribution in conjunction with the database of
simulated radiation distributions in a manner that selects the
simulated radiation distribution that best fits the measured

radiation distribution. Based upon the selected simulated
radiation distribution, the computer stores and/or presents
the parameters of the microstructure corresponding to those
of the simulated radiation distribution, or an extrapolation or
interpolation of Such parameters. In another embodiment,
the computer 800 can scan or otherwise acquire data from
pixels of the detector only where there is a high sensitivity
to changes in the parameter(s). Such a selective input to the
computer reduces the amount of data and increases the
quality of the data for processing in the computer 800.
Several aspects of the computer 800 and methods for
processing the measured radiation distribution are set forth
below in greater detail with reference to Section E.

US 2006/02851 11 A1

C. Embodiments of Optics and Object Lens Assemblies
0040 FIG. 2A is a schematic diagram illustrating one
specific embodiment of the optical system 200 in accordance
with the invention. In this embodiment, the first optics
assembly 210 includes a beam conditioner 214, a field stop
216, and an illumination lens 218. The beam conditioner 214

is configured to produce a conditioned beam 212 having
diffused and randomized radiation. The beam conditioner

214 can be a fiber optic line that transmits the beam from the
irradiation source (FIG. 1) and an actuator that moves the
fiber optic line to randomize the laser beam. The actuator can
move the beam conditioner 214 in such a way that it does not
repeat its movement over successive iterations to effectively
randomize the radiation. The field stop 216 is positioned in
the first focal plane of the illumination lens 218, and the field
stop 216 can have an aperture in a desired shape to influence
the spot size and spot shape in conjunction with the illumi
nation lens 218. In general, the illumination lens 218 colli
mates the radiation for presentation to the object lens
assembly 300.
0041. The illustrated first optics assembly 210 further
includes a mask 220 for blocking a portion of the condi
tioned beam 212 to at least partially isolate specific diffrac
tion orders in the radiation distribution at the second focal

plane 340 and the detector 400. For example, the mask 220
can at least partially separate the zeroth-order diffraction
pattern and higher-order diffraction patterns in the radiation
distribution at the second focal plan 340 and the detector
400. The illustrated mask 220 is positioned between the
illumination lens 218 and the beam splitter 230, but in other
embodiments the mask 220 can be positioned anywhere
between the irradiation source 100 (FIG. 1) and the work
piece W.
0.042 FIG. 3 is a schematic top plan view of the mask
220 illustrated in FIG. 2A. Referring to both FIGS. 2A and
3, the illustrated mask 220 includes a generally circular area
222 (illustrated in part with broken lines) and an aperture
226 having a semicircular shape within the circular area 222.
The circular area 222 can correspond to the cross-sectional
area of the conditioned beam 212. The mask 220 is aligned
with the conditioned beam 212 such that a semicircular

section 224 of the circular area 222 blocks a first portion of
the beam 212 and the aperture 226 allows a second portion
of the beam 212 to pass through the mask 220. The portion
of the conditioned beam 212 that passes through the aperture
226 has a semicircular cross-sectional shape corresponding
to the shape of the aperture 226. As a result, the illustrated
mask 220 blocks approximately 50% of the cross-sectional
area of the conditioned beam 212. The illustrated mask 220

has particular utility with a single-periodic microstructure M
having the relative orientation illustrated in FIG. 3 and
double-periodic microstructures. In additional embodi
ments, the first optics assembly 210 can include other masks
with one or more apertures with different shapes and sizes to
selectively block portions of the conditioned beam 212.
0043. The object lens assembly 300 illustrated in FIG.
2A receives the conditioned beam 212 from the first optics
assembly 210. The object lens assembly 300 can be achro
matic to accommodate a plurality of beams at different
wavelengths, or it can have a plurality of individual assem
blies of lenses that are each optimized for a specific wave
length. Such individual lens assemblies can be mounted on
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a turret that rotates each lens assembly in the path of the
beam according to the wavelength of the particular beam, or
Such lenses may be mounted in separate, fixed positions that
correspond to the incident beam paths of the respective
wavelengths. In either case, the object lens assembly 300 is
useful for applications that use different wavelengths of
radiation to obtain information regarding the radiation
returning from the workpiece.
0044) The object lens assembly 300 can also include
reflective lenses that are useful for laser beams in the UV

spectrum. Certain types of glass may filter UV radiation. As
such, when the beam has a short wavelength in the UV
spectrum, the object lens assembly 300 and other optic
members can be formed from reflective materials that reflect

the UV radiation. In another embodiment, the first optics
assembly 210 or the object lens assembly 300 may have a
polarizing lens that polarizes the radiation for the convergent
beam 310.

0045. The illustrated object lens assembly 300 includes a
divergent lens 302, a first convergent lens 304, and a second
convergent lens 306. The first convergent lens 304 can have
a first maximum convergence angle, and the second con
vergent lens 306 can have a second maximum convergence
angle. In operation, the object lens assembly 300 (a) focuses
the conditioned beam 212 to form the convergent beam 310,
and (b) presents the return radiation from the workpiece W
on the second focal plane 340. The location of the second
focal plane 340 depends upon the particular configurations
of the lenses 302,304, and 306. For purposes of illustration,
the second focal plane 340 is shown as coinciding with the
location of the first convergent lens 304.
0046 FIG. 4 illustrates one embodiment of the conver
gent beam 310 formed by the optical system 200 illustrated
in FIG. 2A. The convergent beam 310 illustrated in FIG. 2A
has a half frusto-conical configuration that results in a
semicircular focus area S. The semicircular focus area S is

Smaller than the area of the microstructure under evaluation,

but it generally covers at least 8-10 of the periodic structures
of the microstructure M. In several particular applications
for the semiconductor industry, the semicircular focus area
S has a radius of approximately 5-20 Lum (e.g., 10-15 um).
The focus area S., however, is not limited to these ranges or
to a semicircular shape in other embodiments. The configu
ration of the convergent beam 310 and the shape of the focus
area S are based on the cross-sectional shape of the condi
tioned beam 212, which is determined at least in part by the
configuration of the aperture 226 in the mask 220. As such,
the configuration of the convergent beam 310 and the shape
of the focus area S may be different in additional embodi
ments with other masks.

0047 The convergent beam 310 simultaneously illumi
nates a microstructure M through a wide range of incidence
angles having large ranges of altitude angles 0 and azimuth
angles do. Each incidence angle has an altitude angle 0 and
an azimuth angle do. The object lens assembly is generally
configured to focus the beam to an area at the object focal
plane through at least (a) a 15° range of altitude angles and
(b) a 90° range of azimuth angles simultaneously. For
example, the incidence angles can be simultaneously
focused through altitude angles 0 of 0° to at least 45°, and
more preferably from 0 to greater than 70° (e.g., 0° to 88),
and azimuth angles d of 0° to greater than approximately
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90° (e.g., 0° to 360°). As a result, the object lens assembly
300 can form a beam having a large range of incidence
angles (0. d) to capture a significant amount of data in a
single measurement of the workpiece W. This is expected to
enhance the utility and throughput of scatterometry for
measuring critical dimensions in Submicron microstructures
in real time and in-situ in a process tool.
0.048. The object lens assembly 300 is configured such

that the angle (0, d) of rays within the convergent beam

310 will pass through corresponding points (x, y) in the
second focal plane 340. As a result, radiation passing
through any given point (x, y) in the second focal plane 340
toward the workpiece W will strike the object focal plane

320 at a particular corresponding angle (0, d.), and
similarly radiation reflecting from the object focal plane 320
at a particular angle (0. d) will pass through a unique

point (x, y) on the second focal plane 340. The reflected
radiation passing through the second focal plane 340 propa
gates to the beam splitter 230 where it is directed toward the
second optics assembly 240.
0049. In several embodiments, the relationship between
the altitude angle 0 and the point on the second focal plane
340 through which a ray of the convergent beam 310 passes
can be represented by a sine relationship. In one embodi
ment, for example, the relationship can be represented by the
following equation:
X=F sin (8)

in which

0050 F=a constant:
0051 X=the distance from the center of the second
focal plane 340; and
0.052 (0=the altitude angle.
For example, FIG. 5 is a schematic diagram illustrating a
convergent beam 310 having a first ray 310a with a first
altitude angle 0 and a second ray 310b with a second
altitude angle (0. The first ray 310a passes through the
second focal plane 340 at a distance X or sin () from
the center of the focal plane 340, and the second ray
310b passes through the second focal plane 340 at a
distance X, or sin 0, from the center of the focal plane
340. The relationship between the distance X and the
altitude angle 0 advantageously enables the scatterom
eter 10 to use masks with linear edges or shapes to
separate different orders of diffractions. Masks with
linear edges or shapes are advantageously more precise
and easier to manufacture. The relationship between
the distance X and the altitude angle 0 also allows a
linear relationship between the pixels on the image
sensor and the altitude angles. As such, the optics
enable good sampling of the return radiation even at the
peripheral regions of an image sensor. The advantage to
this implementation is that an adequate number of
pixels can be sampled throughout the entire image
plane. More specifically, for critical sampling of the
image plane, the sampling frequency should be twice
the highest spatial frequency in the plane. If the highest
spatial frequency does not depend on the position in the
image plane, then the number of pixels to be averaged
(to effectively make a larger pixel of the correct dimen
sions for critical sampling) does not depend on the

Dec. 21, 2006

position in the image plane. For any other distribution,
the number of pixels required to be averaged will
depend on position. Thus, unless a sine relationship or
another suitable relationship between the pixels on the
image sensor and the altitude angle is maintained, then
the fixed number of pixels available could result in
Some regions of the image plane being sampled with
fewer than the optimal number of pixels. In other
embodiments, the relationship between the altitude
angle 0 and the distance X on the second focal plane
340 can be represented by a different equation.
0053 Referring back to FIG. 2A, the second optics
assembly 240 includes a relay lens 242, an output beam
splitter 244, and an image-forming lens 246. The relay lens
242 and the output beam splitter 244 present the reflected
and/or diffracted radiation (i.e., return radiation) from the
beam splitter 230 to the image-forming lens 246, and the
image-forming lens 246"maps the angular distribution of
reflectance and/or diffraction (i.e., the radiation distribution)
from the second focal plane 340 to the imaging array of the
detector 400. In a particular embodiment, the image-forming
lens 246 preferably presents the image to the detector 400
such that the pixels of the imager in the detector 400 can be
mapped to corresponding areas in the second focal plane
340.

0054 The second optics assembly 240 can further
include a polarizing beam splitter 248 to separate the return
radiation into the X- and y-polarized components, where X
and y refer to orthogonally polarized light in a generalized
coordinate system. In one embodiment, the polarizing beam
splitter 248 is positioned between the output beam splitter
244 and the image-forming lens 246. In another embodi
ment, the beam splitter 248 is positioned at a conjugate of
the focal spot on the wafer along a path between the
image-forming lens 246 and the detector 400 (shown in
dashed lines). In still another embodiment, the polarizing
beam splitter 248 can be located between the relay lens 242
and the output beam splitter 244 (shown in dotted lines). The
polarizing beam splitter 248 is generally located to maintain
or improve the spatial resolution of the original image of the
focal spot on the workpiece. The location of the polarizing
beam splitter 248 can also be selected to minimize the
alteration to the original optical path. It is expected that the
locations along the optical path between the relay lens 242
and the image-forming lens 246 will be the desired locations
for the polarizing beam splitter 248.
0055. The polarizing beam splitter 248 provides the sepa
rate X- and y-polarized components of the return radiation to
improve the calibration of the scatterometer 10 and/or
provide additional data for determining the parameter(s) of
the microstructure on the workpiece. For example, because
the optics may perturb the polarization of the input and
output radiation, the polarizing beam splitter 248 provides
the individual X- and y-polarized components over the large
range of incidence angles. The individual X- and y-polarized
components obtained in this system can accordingly be used
to calibrate the scatterometer 10 to compensate for such
perturbations caused by the optical elements. Additionally,
the X- and y-polarized components can be used for obtaining
additional data that can enhance the precision and accuracy
of processing the data.
0056 FIG. 2B is a schematic view of a cube-type polar
izing beam splitter 248 for use in the scatterometer 10 shown
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in FIG. 2A. The cube-type polarizing beam splitter 248
receives a return radiation beam 249 and splits it into a
X-polarized component beam 249a and any-polarized com
ponent beam 249b. The cube-type polarizing beam splitter
248 can be a crystal with birefringence properties, such as
calcite, KDP or quartz. The X- and y-polarized component
beams 249a-b exit from the cube-type polarizing beam
splitter 248 along at least substantially parallel paths. The X
andy-polarized beams 249a and 249b are also spaced apart
from each other Such that they form separate images on the
detector 400. To increase the distance between the X- and

y-polarized component beams 249a-b, the size of the polar
izing beam splitter 248 can be increased. For example, as
shown in dashed lines in FIG. 2B, a larger polarizing beam
splitter 248 results in at least substantially parallel X- and
y-polarized component beams 249a-b that are spaced apart
from each another by a larger distance than the polarizing
beam splitter 248 shown in solid lines 248. However, large
cube-type polarizing beam splitters can alter the X- and
y-polarized beams, and thus the size of polarizing beam
splitter 248 is generally limited. As with the non-polarized
return radiation, the individual X- and y-polarized compo
nent beams 249a-b impinge upon pixels of the detector 400
in a manner that they can be mapped to corresponding areas
in the second focal plane 340 shown in FIG. 2A.
0057. One advantage of several embodiments of scatter
ometers including cube-type polarizing beam splitters it that
they provide fast, high-precision measurements of the X- and
y-polarized components with good accuracy. The system
illustrated in FIGS. 2A-B use a single camera in the detector
400 to simultaneously measure both of the X- and y-polar
ized components of the return radiation 249. This system
eliminates the problems of properly calibrating two separate
cameras and registering the images from two separate cam
eras to process the data from the X- and y-polarized com
ponents. This system also eliminates the problems associ
ated with serially polarizing the return radiation beam using
a mechanically operated device because the polarizing beam
splitter 248 can be fixed relative to the return beam 249 and
the detector 400.
D. Embodiments of Detectors

0058. The detector 400 can have several different
embodiments depending upon the particular application. In
general, the detector is a two-dimensional array of sensors,
such as a CCD array, a CMOS imager array, or another
Suitable type of "camera' or energy sensor that can measure
the intensity, color or other property of the scattered radia
tion from the workpiece W corresponding to the distribution
at the second focal plane 340. The detector 400 is preferably
a CMOS imager because it is possible to read data from only
selected pixels with high repeatability instead of having to
read data from an entire frame. This enables localized or

selected data reading, which is expected to (a) reduce the
amount of data that needs to be processed and (b) eliminate
data that does not have a meaningful contrast. Additional
aspects of using CMOS images for image processing are
described in more detail below. The x- or y-polarized
components can be measured with a single CMOS imager to
determine certain characteristics that are otherwise unde

tectable from non-polarized light. As such, using a CMOS
imager and polarizing the reflected radiation can optimize
the response to increase the resolution and accuracy of the
scatterometer 10.
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0059 FIG. 2C is a schematic view showing a CMOS
imager assembly for use in the detector 400 in accordance
with an embodiment of the invention. In this example, the
CMOS imager assembly includes a die 410 having an image
sensor 412, focal optics 420, and packaging 430 defining an
enclosed compartment 432 between the die 410 and the
focal optics 420. The focal optics 420 typically have curved
Surfaces or other configurations such that they are not
merely a plate having parallel, flat surfaces. Additionally, the
CMOS imager assembly does not have a glass cover or other
optical member with parallel, flat surfaces between the
image sensor 412 and the focal optics 420. As such, the
CMOS imager assembly illustrated in FIG. 2C does not
have any flat optics in the compartment 432 between the
image sensor 412 and the focal optics 420. In this embodi
ment, the polarizing beam splitter 248 is just upstream of the
CMOS imager assembly 400 relative to the return radiation
beam 249.

0060. The CMOS imager assembly 400 illustrated in
FIG. 2C is expected to provide several advantages for use
in scatterometers. In several embodiments, for example, the
lack of a cover or other flat optical member between the
image sensor 412 and the focal optics 420 is expected to
reduce perturbations in the return radiation beam 249 at the
image sensor 412. More specifically, a glass member with
parallel, flat surfaces between the focal optics 420 and the
image sensor 412 can alter the return radiation just before it
reaches the image sensor 412. By eliminating such glass
members with parallel, flat surfaces, the CMOS imager
assembly illustrated in FIG. 2C is expected to eliminate
distortion or interference caused by a glass member with
parallel Surfaces.
E. Computational Analyses
0061 The computer 800 can use several different pro
cesses for determining one or more parameters of the
microstructure based on the measured radiation distribution

from the detector 400. In general, the computer 800 com
pares a predetermined portion of the measured radiation
distribution with one or more simulated radiation distribu

tions corresponding to selected parameters of the features
and materials of the microstructure (e.g., height, width, line
edge roughness, roundness of edge corners, spacing, film
thickness, refraction index, reflection index, and/or other

physical properties). In many applications, the computer 800
compares only the portion of the measured radiation distri
bution that corresponds to the Zeroth-order diffraction of the
radiation reflected from the workpiece W rather than com
paring the entire measured radiation distribution. Because
the configuration of the mask 220 affects the separation of
the diffraction orders in the measured radiation distribution,

the computer 800 determines which portion of the measured
radiation distribution to compare with the simulated radia
tion distributions based on the specific configuration of the
mask. After the comparison, the computer 800 stores and/or
provides an output of one or more parameters of the micro
Structure.

0062 FIG. 7 is a schematic illustration of a simulated

radiation distribution 912 based on the mask 220 illustrated
in FIG. 3. The illustrated radiation distribution 912 includes

a first interference pattern 914 corresponding to zeroth-order
diffraction, a second interference pattern 916 corresponding
to a first-order diffraction, and a third interference pattern
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918 corresponding to a second-order diffraction. Although
the edges of the illustrated first and second interference
patterns 914 and 916 and the edges of the illustrated second
and third interference patterns 916 and 918 are positioned
proximate to each other, the interference patterns 914, 916,
and 918 can be spaced apart from each other or at least
partially overlap in other applications. In either case, the
Zeroth-order interference pattern is at least partially sepa
rated from the higher-order diffraction patterns. The spacing
of the interference patterns 914,916, and 918 is based on the
configuration of the mask 220 and the period of the elements
in the microstructure M. Specifically, there is an inverse
relationship between the period of the elements in the
microstructure M and the spacing of the interference pat
terns 914, 916, and 918 in a radiation distribution. As such,

a larger period between the elements of a microstructure
causes the interference patterns to overlap or be spaced
closer together. In either case, the interference patterns 914,
916, and 918 of the simulated radiation distribution 912 are

unique to each set of features parameters, and thus changing
one or more of the feature parameters will produce a
different simulated radiation distribution.

0063 Referring back to FIG. 1, in operation, after the
detector 400 measures the radiation distribution, the com

puter 800 ascertains the parameters of the microstructure by
selecting and/or determining a simulated radiation distribu
tion, such as the simulated radiation distribution 912 illus
trated in FIG. 4, that best fits the measured radiation

distribution. When comparing the measured radiation dis
tribution to the simulated radiation distributions, the com

puter 800 may compare only the portions of the measured
and simulated radiation distributions that correspond to the
Zeroth-order diffraction. In additional embodiments, how

ever, the computer 800 may compare portions of the mea

Sured and simulated radiation distributions that include one

or more higher-order diffractions, optionally complemented
by the zeroth-order diffraction.
0064 FIG. 8 illustrates one embodiment for ascertaining
the feature parameters of the microstructure. In this embodi
ment, the computer 800 includes a database 830 including a
large number of predetermined simulated reference radiation
distributions 832 corresponding to different sets of feature
parameters. The computer 800 further includes a computer
operable medium 840 that contains instructions that cause
the computer 800 to select a simulated radiation distribution
832 from the database 830 that adequately fits a measured
radiation distribution within a desired tolerance. The com

puter-operable medium 840 can be software and/or hard
ware that evaluates the fit between the stored simulated
radiation distributions 832 and the measured radiation dis

tribution in a manner that quickly selects the simulated
radiation distribution 832 having the best fit with the mea
Sured radiation distribution or at least having an adequate fit
within a predetermined tolerance. In the case where a
plurality of the simulated radiation distributions 832 have an
adequate fit with the measured radiation distribution, the
computer 800 can extrapolate or interpolate between the
simulated distributions. Once the computer has selected a
simulated radiation distribution with an adequate fit or the
best fit, the computer selects the feature parameters associ
ated with the selected simulated distribution.

0065. In an alternative embodiment, the computer calcu
lates a simulated radiation distribution and performs a
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regression optimization to best fit the measured radiation
distribution with the simulated radiation distribution in real

time. Although Such regressions are widely used, they are
time consuming and they may not reach a desired result
because the regression may not converge to within a desired
tolerance.

0066. In still other embodiments, the computer 800 may
perform further processing or different processing Such as
finite element models for evaluating non-periodic or pseudo
periodic structures. The computer 800 may also be able to
solve for the refraction index and reflectivity index of the
particular materials by determining the film thickness.
Therefore, the enhanced data in the measured radiation

distribution enables the computer 800 to more accurately
determine the feature parameters of the microstructure and
may enable more feature structures to be monitored (e.g.,
line edge roughness, refraction index, reflectivity index,
etc.).
0067. One feature of the scatterometer 10 described
above with reference to FIGS. 1-8 is that the mask 220 at

least partially separates the Zeroth-order diffraction pattern
and the higher-order diffraction patterns in the radiation
distribution measured by the detector 400. As a result, the
computer 800 can process less data in selecting and/or
determining a simulated radiation distribution that best fits
the measured radiation distribution because the computer
800 need only compare the portions of the simulated and
measured radiation distributions that include the zeroth

order diffraction patterns. An advantage of this feature is that
the computer 800 may ascertain parameters of the micro
structure M more quickly and, as Such, evaluate workpieces
in-situ within a process tool. Another advantage of this
feature is that the comparison of only or at least primarily the
Zeroth-order diffraction patterns in the simulated and mea
Sured radiation distributions is expected to be more accurate
because higher-order diffractions are difficult to calibrate.
0068 Another advantage of at least partially separating
the zeroth-order and higher-order diffraction patterns in the
radiation distribution is that the data representing the zeroth
order diffraction is de-coupled from higher-order diffrac
tions. As a result, much if not all of the data associated with

the zeroth-order diffraction can be used to accurately com
pare the measured and simulated radiation distributions.
0069. Another advantage of the scatterometer 10 illus
trated in FIGS. 1-8 is that the scatterometer 10 can evaluate

a microstructure having elements with a larger period.
Specifically, because the period of elements in a microstruc
ture is inversely related to the spacing of the diffraction
order interference patterns, a larger period between the
elements of a microstructure causes the interference patterns
of different diffraction orders to overlap or be spaced closer
together. The mask 220 separates the interference patterns
such that the scatterometer 10 can evaluate a microstructure

M having elements with a larger period, while maintaining
the Sometimes-necessary order segregation on the detector.
The mask 220 accordingly increases the applications for the
scatterometer 10.

G. Additional Embodiments of Masks

0070

FIG.9 is a schematic top plan view of a mask 1020

in accordance with another embodiment of the invention.

The illustrated mask 1020 includes a generally circular area
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1022 (illustrated with a broken line) having four quadrants
1024 (identified individually as 1024a-d) and a plurality of
apertures 1026 (identified individually as 1026a-b) in the
circular area 1022. The circular area 1022 can correspond to
the cross-sectional area of the conditioned beam 212 (FIG.
1). The apertures 1026 include a first aperture 1026a in a first
quadrant 1024a and a second aperture 1026b in a second
quadrant 1024b. The illustrated first and second apertures
1026a-b are positioned within the first and second quadrants
1024a-b, respectfully, such that if the mask 1020 were
folded along axis A-A, the first and second apertures
1026a-b would not overlap. The first and second apertures
1026a-ballow portions of the conditioned beam 212 to pass
through the mask 1020 while the remainder of the beam 212
is blocked by the mask 1020. In the illustrated embodiment,
the combined area of the first and second apertures 1026a-b
is approximately equal to the area of a single quadrant 1024,
and the mask 1020 accordingly blocks approximately 75%
of the cross-sectional area of the conditioned beam 212. In

other embodiments, however, the combined area of the first

and second apertures 1026a-b can be greater than or less
than the area of a single quadrant 1024. In either case, the
mask 1020 is configured to separate the zeroth-order dif
fraction and higher-order diffractions in the radiation distri
bution pattern at the detector 400. The illustrated mask 1020
has particular utility with a single-periodic microstructure M
having the relative orientation illustrated in FIG. 9.
0071. In other embodiments, the first quadrant 1024a
may include the second aperture 1026b in lieu of the first
aperture 1026a, and the second quadrant 1024b may include
the first aperture 1026a in lieu of the second aperture 1026b
Such that the mask is a mirror image relative to the axis A-A
of the mask 1020 illustrated in FIG. 9. In either case in

additional embodiments, the third and fourth quadrants
1024c-d may include the first and second apertures 1022a-b
in lieu of the first and second quadrants 1026a-b such that
the mask is a mirror image relative to an axis B-B of either
of the two masks described above.

0072 FIG. 10 is a schematic top plan view of a mask
1120 in accordance with another embodiment of the inven

tion. The illustrated mask 1120 includes a generally circular
area 1122 (illustrated with a broken line) having four quad
rants 1124 (identified individually as 1124a-d) and a plural
ity of arcuate apertures 1126 (identified individually as
1126a-d) in corresponding quadrants 1124a-d. Specifically,
a first quadrant 1124a includes a first arcuate aperture 1126a.
a second quadrant 1124b includes a second arcuate aperture
1126b, a third quadrant 1124c includes a third arcuate
aperture 1126c, and a fourth quadrant 1124d includes a
fourth arcuate aperture 1126d. The illustrated apertures 1226
are positioned at different locations within their respective
quadrants 1224. For example, the second aperture 1126b is
positioned radially inward of the first aperture 1126a, the
third aperture 1126c is positioned radially inward of the
second aperture 1126b, and the fourth aperture 1126d is
positioned radially inward of the third aperture 1126c.
Further, the four arcuate apertures 1126 are arranged such
that the combined area of the apertures 1126 is at least
approximately equal to the area of a single quadrant 1124. In
other embodiments, however, two or more of the apertures
1126 can be positioned at the same location within their
respective quadrants 1124, and/or the combined area of the
apertures 1126 can be less than or greater than the area of a
single quadrant 1124. In additional embodiments, one of the
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quadrants 1124 may include more than one of the apertures
1126. For example, the first quadrant 1124a can include the
first aperture 1126a and the fourth aperture 1126d. and the
fourth quadrant 1124d may not include an aperture. In either
case, the mask 1120 has particular utility with double
periodic microstructures.
0073 FIG. 11 is a schematic top plan view of a mask
1220 in accordance with another embodiment of the inven

tion. The illustrated mask 1220 includes a generally circular
area 1222 (illustrated with a broken line) having four
quadrants 1224 (identified individually as 1224a-d) and a
plurality of apertures 1226 (identified individually as 1226a
d) in corresponding quadrants 1224. In the illustrated
embodiment, the combined area of the apertures 1226 is
approximately equal to the area of a single quadrant 1224.
but in other embodiments the combined area of the apertures
1226 can be greater than or less than the area of a single
quadrant 1224. The illustrated mask 1220 has particular
utility with double-periodic microstructures.
0074 FIG. 12 is a schematic top plan view of a mask
1320 in accordance with another embodiment of the inven

tion. The illustrated mask 1320 includes a generally circular
area 1322 (illustrated with a broken line) having four
quadrants 1324 (identified individually as 1324a-d) and an
aperture 1326 in a first quadrant 1324a. In other embodi
ments, the area of the aperture 1326 can be greater than or
less than the area of the first quadrant 1324a. In either case,
the illustrated mask 1320 has particular utility with a double
periodic microstructures.
0075 From the foregoing, it will be appreciated that
specific embodiments of the invention have been described
herein for purposes of illustration, but that various modifi
cations may be made without deviating from the spirit and
Scope of the invention. For example, many of the elements
of one embodiment can be combined with other embodi
ments in addition to or in lieu of the elements of the other

embodiments. Accordingly, the invention is not limited
except as by the appended claims.
I/We claim:

1. A scatterometer for evaluating microstructures on a
workpiece, comprising:
an irradiation source for producing a beam of radiation at
a wavelength;
a optic member aligned with the path of the beam, the
optic member being configured to condition the beam;
an object lens assembly aligned with the path of the beam
and positioned between the optic member and a work
piece site, the object lens assembly being configured to
(a) receive the conditioned beam, (b) simultaneously
focus the conditioned beam through a plurality of
altitude angles to a spot at an object focal plane, (c)
receive return radiation in the wavelength scattered
from a workpiece, and (d) present a radiation distribu
tion of the return radiation at a second focal plane,
wherein the object lens assembly maintains a sine
relationship between the altitude angles and corre
sponding points on the radiation distribution at the
second focal plane;
a mask positioned between the optic member and the
object lens assembly and aligned with the path of the
beam to block a portion of the conditioned beam, the
mask being configured to at least partially separate the
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Zeroth-order diffraction and the higher-order diffrac
tions in the radiation distribution at the second focal

plane; and
a detector positioned to receive the radiation distribution
and configured to produce a representation of the
radiation distribution.
2. The scatterometer of claim 1 wherein the mask com

prises a quadrant-shaped aperture through which a section of
the conditioned beam can pass.
3. The scatterometer of claim 1 wherein the mask com

prises an arcuate aperture through which a section of the
conditioned beam can pass.
4. The scatterometer of claim 1 wherein the mask com

prises a semicircular aperture through which a section of the
conditioned beam can pass.
5. The scatterometer of claim 1 wherein the mask com

prises (a) a circular area having quadrants, (b) a first aperture
in a first quadrant, and (c) a second aperture in a second
quadrant.
6. The scatterometer of claim 1 wherein the mask com

prises (a) a circular area having quadrants, and (b) a plurality
of arcuate apertures in corresponding quadrants.
7. The scatterometer of claim 1 wherein the mask com

prises an aperture sized such that the mask blocks at least 75
percent of the cross-sectional area of the conditioned beam.
8. The scatterometer of claim 1 wherein the mask com

prises an aperture sized such that the mask blocks at least 50
percent of the cross-sectional area of the conditioned beam.
9. The scatterometer of claim 1 wherein the mask includes

an aperture with a straight edge.
10. The scatterometer of claim 1 wherein the object lens
assembly is configured to focus the conditioned beam to a
spot size not greater than 50 um.
11. The scatterometer of claim 1 wherein the irradiation

Source comprises a laser configured to generate a first beam
having a first wavelength and a second beam having a
second wavelength different than the first wavelength.
12. The scatterometer of claim 1, further comprising a
computer operatively coupled to the detector for receiving a
predetermined portion of the representation of the radiation
distribution based on the configuration of the mask, wherein
the computer includes a database having a plurality of
simulated radiation distributions corresponding to different
sets of parameters of a microstructure and a computer
operable medium containing instructions that cause the
computer to identify a simulated radiation distribution that
adequately fits the predetermined portion of the representa
tion of the radiation distribution produced by the detector.
13. The scatterometer of claim 1 wherein the first wave

length is between approximately 200 nm and approximately
475 nm.
14. The scatterometer of claim 1 wherein the first wave

length is between approximately 375 nm and approximately
475 nm.
15. The scatterometer of claim 1 wherein the sine rela

tionship between the altitude angles and the corresponding
points on the radiation distribution is represented by the
following formula: X=F sin 0;
wherein F is a constant;

wherein X is a displacement in the radiation distribution
at the second focal plane; and
wherein () is the altitude angle.

16. A scatterometer for evaluating microstructures on a
workpiece, comprising:
a radiation Source configured to produce a beam of
radiation having a first wavelength;
an optical system having a first optics assembly, an object
lens assembly, and a mask, wherein the first optics
assembly is configured to condition the beam of radia
tion Such that beam is diffuse and randomized, and

wherein the object lens assembly is configured to (a)
focus the beam at an area of an object focal plane and
(b) present a radiation distribution of return radiation
Scattered from a microstructure in a second focal plane;
and

a detector positioned to receive the radiation distribution
and configured to produce a representation of the
radiation distribution;

wherein the mask is shaped to block a portion of the beam
such that a specific diffraction order is at least partially
isolated from other diffraction orders in the represen
tation of the radiation distribution.
17. The scatterometer of claim 16 wherein the mask is

configured to block a portion of the beam such that the
Zeroth-order diffraction is at least partially separated from
the higher-order diffractions in the representation of the
radiation distribution.

18. The scatterometer of claim 16 wherein the first optics
assembly comprises a beam conditioner, and wherein the
mask is aligned with the beam and positioned between the
beam conditioner and the object lens assembly.
19. The scatterometer of claim 16 wherein the mask

comprises an aperture through which a section of the beam
can pass.
20. The scatterometer of claim 16 wherein the mask

comprises an aperture sized Such that the mask blocks at
least 75 percent of the cross-sectional area of the beam.
21. The scatterometer of claim 16 wherein the mask

comprises an aperture sized Such that the mask blocks at
least 50 percent of the cross-sectional area of the beam.
22. The scatterometer of claim 16, further comprising a
computer operatively coupled to the detector for receiving a
predetermined portion of the representation of the radiation
distribution based on the configuration of the mask, wherein
the computer includes a database having a plurality of
simulated radiation distributions corresponding to different
sets of parameters of a microstructure and a computer
operable medium containing instructions that cause the
computer to identify a simulated radiation distribution that
adequately fits the predetermined portion of the representa
tion of the radiation distribution produced by the detector.
23. A scatterometer for evaluating microstructures on
workpieces, comprising:
a radiation Source configured to produce a beam of
radiation having a first wavelength;
an optical system having a first optics assembly, an object
lens assembly, and a mask, wherein the first optics
assembly is configured to condition the beam of radia
tion such that beam is diffuse and randomized, wherein

the object lens assembly is configured to (a) focus the
beam at an area of an object focal plane and (b) present
a radiation distribution of return radiation scattered

from a microstructure in a second focal plane, and
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providing a workpiece having a microstructure in an area
not greater than 50 um, wherein a critical dimension of
a feature in the microstructure is less than approxi
mately 90 nm,
generating a beam of radiation having a wavelength;
passing the beam through (a) a mask that blocks a portion
of the beam, and (b) a lens that focuses the beam to a
focus area at a focal plane, wherein the focus area has
a dimension not greater than 50 um, and wherein the
beam is focused through a range of angles of incidence
having simultaneously (a) altitude angles of 0° to at
least 15° and (b) azimuth angles of 0° to at least 90°:
detecting a radiation distribution of return radiation scat
tered from the microstructure with the zeroth-order

diffraction at least partially separated from the higher
order diffractions;
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providing a database having a plurality of simulated
radiation distributions corresponding to different sets of
parameters of the microstructure; and
identifying a simulated radiation distribution that
adequately fits a predetermined portion of the repre
sentation of the detected radiation distribution corre

sponding to the Zeroth-order diffraction.
43. The method of claim 42 wherein passing the beam
through the mask comprises passing the beam through a
plurality of apertures in the mask.
44. The method of claim 42 wherein passing the beam
through the mask comprises blocking at least 75 percent of
the cross-sectional area of the beam with the mask.

