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(57) Abstract: A spectroscopic beam profile metrology system simultan-
eously detects measurement signals over a large wavelength range and a
large range of angles of incidence (AOI). In one aspect, a multiple
wavelength illumination beam is reshaped to a narrow line shaped beam of
light that is projected onto an overlay metrology target such that the direc-
tion of the line shaped beam is aligned with the direction of extent of a grat-
ing structure of the overlay metrology target. Collected light is dispersed
across a detector according to AOI in one direction and according to
wavelength in another direction. The measured signal at each detector pixel
is associated with a particular AOI and wavelength. The collected light in-
cludes first order diffracted light, zero order diffracted light, or a combina-
tion thereof. In some embodiments, first order diffracted light and zero or-
der diffracted light are detected over separate areas of the detector.

100

Lol 130 | 148
|
132




WO 2017/053581 A1 |IWANT 00T 000 OO A

(84) Designated States (unless otherwise indicated, for every SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
kind of regional protection available). ARIPO (BW, GH, GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, .
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, Kz, RU, Tublished:
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, —  with international search report (Art. 21(3))
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE,




WO 2017/053581 PCT/US2016/053136

SPECTROSCOPIC BEAM PROFILE OVERLAY METROLOGY

CROSS REFERENCE TO RELATED APPLICATION
(00011 The present application for patent claims priority under 35 U.5.C. §119
from U.S. provisional patent application serial number 62/222,314, entitied
“Spectroscopic BPR Method and Apparatus for Overlay Measurement,” filed
September 23, 2015, the subject matter of which is incorporated herein by

reference in s entiraty.

TECHNICAL FIELD
[0002] The described embodiments relate to metrology systems and methods,
and more particularly o methods and systems for improved measurement of
parameters characterizing semiconductor manufacturing processes and

structures generated by semiconductor manufacturing processes.

BACKGROUND INFORMATION
(00031 Semiconductor devices such as logic and memory devices are typically
fabricated by a sequence of processing steps applied to a specimen. The
various features and multiple structural levels of the semiconductor devices are
formed by these processing steps. For example, lithography among others is
one semiconductor fabrication process that involves generating a patternon a
semiconductor wafer. Additional examples of semiconductor fabrication
processes include, but are not limited to, chemical-mechanical polishing, etch,
deposition, and ion implantation. Multiple semiconductor devices may be
fabricated on a single semiconductor wafer and then separated into individual
semiconductor devices.
(00041 Metrology processes are used at various steps during a semiconductor
manufacturing process to detect defects on wafers {0 promote higher vield.
Optical metrology techniques offer the potential for high throughput measurement
without the risk of sample destruction. A number of oplical metrology based
techniques including scatterometry and reflectometry implementations and
associated analysis algorithms are commonly used to characterize critical
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dimensions, film thicknesses, composition and other parameters of nanoscale
structures.

(00051 Inone example, two-dimensional beam profile reflectometers (2D-
BPR) systems are employed o perform measurements of semiconductor
samples. However, existing 2D-BPR systems acquire measurement signals ong
wavelength at a time. This limits the throughput of such systems when multiple
Humination wavelengths are needed to accurately characterize the sample.
[0006] In another example, spectroscopic ellipsometry (SE) systems perform
simultaneous measurements across a broad spectrum of llumination
wavelengths. However, existing SE systems acquire measurement signals at
one angle of incidence (ACH at a time. This Iimits the throughput of such system
when multiple AQIs are required to accurately characterize the sample.

(00071 Inanother exampie, opticaily based measurements of overlay targets
are performed by overlay metrology tools manufactured by KLA-Tencor, Inc.,
using scatierometry overlay (SCOL) technology. Existing tools acauire SCOL
signals one wavelength per acquisition. A control system s employed o change
the dlumination wavelength at each different acquisition. Exemplary tocls employ
multiple diode laser light sources or tunable laser light sources to provide
Hlumination light at different, selectable wavelengths.

(00081 Inyet another example, optically based measurements of overlay
targets are performed by overlay metrology tools manufactured by ASML Holding
NV. In some of these tools, a control system is employed to change the
Humination wavelength at each different acquisition by selecting optical filters in
the beam path at each acquisition.

F00081  Inthese examples, reflectance measurements of an overlay target are
separately acquired at each wavelength. This sequential approach to data
acquisition increases the time required to acquire data at multiple wavelengths
and generate measurement recipes. Furthermore, the illumination system must
be configured to provide illumination light at different, selectable wavelengths,
which increases system complexity.

(00101 Metrology applications involving the measurement of overlay targets

present challenges due to increasingly smali resolution requirements and
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throughput reguirements. Thus, methods and systems for improved overlay

measurements are desired.

SUMMARY

[00111 Methods and systems for simultaneous detection of collected light
over a broad range of angles of incidence and a broad range of wavelengths are
presented herein.

(00121 Inone aspect, a spectroscopic beam profile metrology system
includes a light source that emits a collimated beam of light with multiple
wavelengths. Beam shaping optics reshape the collimated beam of light to a
narrow line beam of light (e.g., sheetike cross-section). The narrow line shaped
beam of dlumination light passes through a high numerical aperture (NA)
objective that projects the narrow ling beam of light onto an overlay metrclogy
target over a broad range of angles of incidence. The narrow line shaped beam
of light is projected onto the overlay metrology target such that the direction of
the line shaped beam is aligned with the direction of exient of a grating structure
of the overlay metrology target. After interaction with the overlay metrology
target, collected light is dispersed across a detector according to AD! in one
direction and according to wavelength in another direction. In this manner, the
two-dimensional detector simultanecusly detects both angular signal information
{e.g., angle of incidence)} and spectral information. Thus, the measured signal at
each detector pixel is associated with a particular AO! and wavelength.

(00131 Insome examples, light diffracted from the illuminated measurement
site at the first diffraction orders (e.g., +1 and -1} is collected. In some examples,
light diffracted from the iluminated measurement site at the zero diffraction order
is collected. In some other examples, both zero order and first order diffracted
light is collected. In these exampies, the first order diffracted light and zero order
diffracted light are detected over separate areas of the detector.

(001471 Inafurther aspect, a wavelength (i.e., energy) dispersive element is
located in the beam path before the detector. The wavelength dispersive
element disperses the collected beam of measurement light onio a two-
dimensional detector according o wavelength. In some examples, a wavelength
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dispersive element acts on zero order diffracted light only. However, in some
other examples, a wavelength dispersive element acts on first order diffracted
light and enhances any wavelength dispersion effect derived from the light
interaction with the overlay metrology target itself.

(00151  Inanother further aspect, two or more detectors are employed in the
collection path to detect signals simulianeously or sequentially. Each detector
pair is configurad {o detect different wavelength ranges. This may be
advantageous for measurements over wide wavelength ranges, where a single
detector and wavelength dispersive element is not able to measure across the
entire wavelength range with sufficient accuracy.

(00161 Inanother further aspect, an overlay target is measured in two
orthogonal directions by rotating the narrow line shaped illumination beam by 90
degrees with respect to the overlay target. If a wavelength dispersion element is
utilized, the wavelength dispersion element is also rotated or otherwise movad or
substituted to rotate the direction of wavelength dispersion by ninety degrees as
projected onto the detector.

(00171 Inanother further aspect, selectable llumination apertures and
selectable collection apertures are configured to enable measurement of different
targets.

(00181  In afurther aspect, the spectroscopic beam profile metrology system is
configured to select a subset of the acquired wavelengths and angles of
incidence to improve the accuracy and precision of the overlay measurement.
The proper wavelength and AQI range may change site by site due to process
variation.

100181 Inancther further aspect, the spectroscopic beam profile metrology
system is configured to weigh the acquired wavelengths and angles of incidence
to improve the accuracy and precision of the overlay measurement.
Traditionally, signal selection and weighting is based on AC! alone, however, as
described herein, signal selection and weighting is based on both AGH and
wavelength data collected simultanecusly.

(00201 Inanother further aspect, a trained SRM (signal response melrology)
model or SPI {single parameter isolation) model is applied to the acquired
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measurement signals io determine overlay values. The SRM and SPI models
are trained based on overlay reference data.

(00211 Inanother further aspect, a spatial light modulator (SLM} is located in
the illumination path, the collection path, or both. The SLM is configured to
modulate amplitude, phase distribution, or both, across the path of the
Hlumination light, the collected light, or both, to reduce wavefront errors and
shape the amplitude and phase distribution of the beam. In a further aspect, the
spatial light modulator enables programmabile configuration of the phase
distribution across the llumination beam. This may be employed {o correct
aberrations or cancel contamination signals. In some embodiments, the SLM is
a deformable mirror array.

(00221 Inanocther further aspect, a polarizing element is located in the
Hiumination path before the objective. in some embodiments, a stationary
polarizer is employed. In these embodiments, two different polarization
components may be detected by separaie detectors. In some cther
embodiments, a continuously rotating polarizer is implemented. In these
embodiments, an analyzer element is located in the collection path after the
objective.

(00231 In ancther further aspect, a compensator s added in the illumination
path after the polarizer and another compensator is added in the collection path
before the analyzer.

(00241 Inanother further aspect, a beam shaping optic is located in the
Humination path. The beam shaping optic is configured {o rotate the narrow line
beam illumination to a desired azimuth angle. By rotating the narrow line beam
Hlumination about the beam axis, the effective azimuth angle 1s changed.
(00251 In ancther further aspect, a spectroscopic BPR system is configured to
scan the illumination beam along the AOI direction to enable a mapping of the
pupi plane. In a further aspect, this pupil scanning mechanism may also be
complemented with a second scanning mechanism that scans the field plane o
enable averaging over target noise, a reduction of coherence effects, and

improved accuracy.
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(00261 In ancther further aspect, a spectroscopic BPR system includes beam
shaping optics in the common path and the collection path. In this manner, the
beam shape is a narrow line shape only before entering the objective and any
wavelength dispersive elements.

(00271  Inanother further aspect, a spectroscopic BPR system includes two
wavelength dispersive elements and two corresponding detectors. One detector
is configured to perform pupili measurements of the specimen under
measurement. The other detector is configured to perform field measurements
of the same specimen.

(00281  Insome embodiments, both field and pupil measurement signals are
simuitaneously detected. The detecled signals are iteratively processed to
estimate one or more structural or process parameter values. More specifically,
the value of the at least one siructural or process parameter associated with the
at least one measurement targel is determined based on an iterative regression
of the pupil measurement signals with a pupll measurement model and
regression of the field measurement signals with a field measurement model.
(00291 Insome embodiments both field and pupil measurement signals are
processed in a combined analysis to estimate one or more structural or process
parameter values. In these examples, the measurement model is a combined
measurement model that links structural parameters, material parameters, ora
combination of structural and material parameters of the metrology target(s) for
both pupil and field measurements.

(00301 In another further aspect, a spectroscopic BPR system includes a
beam combining element in the measurement path before the objeciive. An
auto-focus probea beam, a pattern recognition prebe beam, or a combination of
both, are combined with the illumination beam before entering the objective, and
an auto-focus signal beam, a pattern recognition signal beam, or a combination
of both, are extracted from the collection beam after exiting the objective.
(003171 Inanother aspect, a hyperspectral detector is employed to detect the
spectral component of a speciroscopic beam profile metrology system.

(00321 The foregoing is a summary and thus contains, by necessity,
simpiifications, generalizations and omissions of detail; conseguently, those
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skilled in the art will appreciate that the summary is llustrative only and is not
limiting in any way. Other aspects, inventive features, and advantages of the
devices and/or processes described herein will become apparent in the non-

imiting detailed description set forth herein.

BRIEF DESCRIPTION OF THE DRAWINGS
(00331 FIG. 1 illustrates an embodiment of a spectroscopic baam profile
metrology system 100 for measuring characteristics of a specimen in accordance
with the exemplary methods presented herein.
(00341 FIG. 2 illustrates another embodiment of a spectroscopic beam profile
metrology system 200 for measuring characteristics of a specimen in accordance
with the exemplary methods presented herein.
(00351 FIG. 3 dlustrates another embodiment of a speciroscopic beam profile
metrology system 300 for measuring characteristics of a specimen in accordance
with the exemplary methods presented herein.
[00361 FIG. 4 illustrates another embodiment of a spectroscopic beam profile
metrology system 400 for measuring characteristics of a specimen in accordance
with the exemplary methods presented herein.
(00371 FIG. 5 illustrates another embodiment of a spectroscopic beam profile
metrology system 500 for measuring characteristics of a specimen in accordance
with the exemplary methods presented herein.
(00381 FIG. 6 illustrates another embodiment of a speciroscopic beam profile
metrology system 600 for measuring characteristics of a specimen in accordance
with the exemplary methods presented herein.
(00381 FIGS. 7TA-7C depict a half fold mirror 150 employed as a beam
combining element in the spectroscopic beam profile metrology systems
described herein.
[0040] FIGS. 7D-7F depict a four-cell fold mirror 155 employed as a beam
combining element in the spectroscopic beam profile metrology systems

described herein.
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[00411 FIGS. 8A-8C depict a narrow line shaped mirror 160 employed as a
beam combining element in the spectroscopic beam profile metrology systems
described herein.

foo4z2] FIGS. 8D-8F depict a narrow cross shaped mirror 165 as a beam
combining element in the spectroscopic beam profile metrology systems
described herein.

(00431 FIGS. 9A-9C depict illumination and collection aperture selections for
three exemplary measurement applications, respectively.

(00441 FIGS. 10A-C depict beam intensity profiles associated with three
different azimuth angle selections, respectively.

(00451 FIGS. 11A-B depict beam intensity profiles associated with two
different azimuth angle selections and an AQI selection.

[0046] FIGS. 12A-128 illustrate beam intensity profiles associated with fwo
different illumination apodizer and coliection aperture selections that limit the AQI
range to coligct zeroth order diffracted light from a sample.

(00471 FIG 13 illustrates a shift in beam intensity profile in a spectroscopic
BPFR system due to changes in orientation of a scanning mirror 143 located in the
Humination path.

(00481 FIG. 14 illustrates an exemplary four cell overlay target 210 disposed
on a specimen.

(00481 FIG. 15 depicts a cell of an overlay metrology target iluminated by a
narrow line shaped beam of illumination in the x-direction.

(00501 FIG 16 depicts incident first order diffracted light dispersed according
to angle of incidence in one direction and according to wavelength in ancther
direction.

(00511 FiG. 17 depicts zero order diffracted light dispersed according o angle
of incidence in one direction and according to wavelength in another direction,
[0052] FIG. 18 depicts incident zero order and first order diffractad light
dispersed according to angle of incidence in one direction and according o
wavelength in another direction.

(00531 FiG. 19 depicts a cell of an overlay metrology target illuminated by a
narrow line shaped beam of lllumination in the y-direction.
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(00541 FIG. 20 depicts incident first order diffracted light dispersed according
to angle of incidence in one direction and according o wavelength in ancther
direction.

(00551 FIiG 21 depicts zero order diffracted light dispersed according o angle
of incidence in one direction and according to wavelength in another direction.
(00561 FiG. 22 is a flowchart llustrative of a method 700 suitable for
implementation by a spectroscopic beam profile metrology system such as
metrology systems 100, 200, 300, 400, and 500 illustrated in FIGS. 1-5,

respectively.

DETAILED DESCRIPTION
(00571 Reference will now be made in detail to background examples and
some embodiments of the invention, examples of which are illustrated in the
accompanying drawings.
(00581 Methods and systems for overlay measurement with spectroscopic
beam profile metrology are presented herein. Several embodiments of a
spectroscopic beam profile metrology system are presenied herein for illustration
purpcses. In these embodiments, overlay measurement signals are
simuitaneously detected over a large wavelength range and a large range of
angles of incidence. By simulianeously acquiring overlay signals with large
ranges of wavelength and angle of incidence, optimal wavelength and AQ!
ranges may be identified guickly for each particular measurement application. In
addition, one or more broadband Hlumination sources may be employed o
provide illumination over a range of wavelengths, simultanecusly.
(00581  Grating measurements are particularly relevant 1o the measurement of
overlay. The objective of overlay metrology is o determine shifts between
gifferent lithographic exposura steps. Performing overlay metrology on-device is
difficult due to the small size of on-device structures, and the typically small
gverlay value.
(00801 For example, the pitch of typical scribe ling overlay metrology targets
varies from 200 nanometers {0 2,000 nanometers. But, the pitch of on-device,
overlay metrology structures is typically 100 nanometers or less. In addition, in a
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nominal production environment, the device overlay is only a small fraction of the
periodicity of the device structure. In contrast, proxy metrology structures used in
scatterometry overlay are frequently offset at larger values, e.g., quarter of the
pitch, to enhance signal sensitivity to overlay. The methods and systems
described herein may be employed {o oblain a measurement signal sensitive {0
gverlay based on on-device siructures, proxy siructures, or both.

(00811 Inone aspect, a spectroscopic beam profile metrology system
includes a light source that emits a collimated beam of light with multiple
wavelengths. Beam shaping optics reshape the collimated beam of lightto a
narrow line beam of light (e.g., sheet-like cross-section) passing through a high
numerical aperture (NA) objective that projects the narrow line beam of light onto
the surface of an overlay metrology target. The narrow light beam is aligned with
the grating direction of the overlay metrology target under measurement over a
broad range of anglaes of incidence.

(00621  In some examples, the spectroscopic beam profile metrology system
I8 a spectroscopic beam profile reflectometer (BPR) system. iIn these examplas,
the detected measurement signals at each pixel represent the reflectivity signal
for a particular AQ! and a particular wavelength.

(00631 FIG. 1 illustrates a system 100 for measuring overlay in accordance
with the exemplary methods presented herein. As shown in FIG. 1, the system
100 may be used to perform pupil measurements of an overlay target disposed
on specimen 112. The pupil measuremenis include both wavelength and AO!
information dispersed across a two dimensional detector. In this aspect, the
system 100 may be configured as a spectroscopic beam profile reflectometer
(BPR). System 100 includes multiple wavelength illumination source 101, beam
shaping optics 107, a high numerical aperiure (NA) objective lens 111 (s.g., NA >
0.7), a wavelength dispersive element 117 {optional), and a two dimensional
detector 118. Detector 118 simultaneously acquires reflectivity signals over a
range of AQ! and a range of wavelengths from specimen 112, The reflectivity
signals 135 are processed by computing system 130 to estimate overlay values.
[00641 As depicted in FiG. 1, system 100 includes an illumination source 101
that generates an amount of illumination light 119 having multiple wavelengths.

10
SUBSTITUTE SHEET (RULE 26)



WO 2017/053581 PCT/US2016/053136

in some embodiments. dlumination source 101 is a broadband llumination
source such as an arc lamp (&.g., xenon lamp), & laser driven light source, a
multiple wavelength laser, a supercontinuum laser, etc. in some other
embodiments, illumination source 101 combines multiple narrowband light
source such as multiple single wavelength lasers, tunable narrowband lasers,
gtc. In some embodiments, ilumination source 101 includes a combination of
broadband and narrowband illumination sources. In some embodiments,
Hlumination source 101 includes multiple light sources emitting light across the
deep ultraviolet, ultraviclet, visible, near infrared, and infrared spectra. Mulliple
light sources may be combinad by one or more sliding mirrors, beam splitters, or
any other suitable configuration. In general, illumination source 101 may include
any combination of light scurces. In one example, illumination source 101
includes one or more light sources spanning a range of wavelengths between
100 nanometers and 2,500 nanometers.

(00651  As depicted in FIG. 1, multiple wavelength illumination light 119
passes through collimation optics 102. Collimation optics 102 collimate the
multiple wavelength illumination light 119. Collimation optics 102 include lens
components, mirror components, or a combination of both. In one embodiment,
the multiple wavelength illumination light 119 is collimated by an off-axis
parabolic mirror (OAP) and becomes a coliimated circular beam. In some
examples, the collimation optics 102 are configured to adjust the illumination NA.
[0066] As depicted in FIG. 1, the multiple wavelength ililumination light
collimated by collimation optics 102 passes through one or more color filters 103,
Color filters 103 select one or more illumination wavelength(s) and corresponding
wavelength range(s) for measurement purposes, and absorb, or otherwise
dissipate unwanted wavelengths. The one or more color filters 103 may include
ona or more optical filters, one or more color filter wheels, one or more linear
varying edge filters, etc. The one or more color filters 103 may include one or
more long pass filters, low pass filters, band-pass filters, eic. Ingeneral it is
advantageous to select one or mare wavelength ranges appropriate to a given

measurement application.
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(00671  Although, as depicted in FIG. 1, system 100 includes one or more color
fiters 103, in some other embodiments, color filters may not be employed. Thus,
in general, the use of color filters is optional.

[00681  As depicted in FIG. 1, multiple wavelength illumination light 119
passas through beam shaping optics 107 located in the illumination path before
chjective 111, Beam shaping optics 107 are configured to reshape the incoming
beam to a narrow line shape. In general multiple wavelength illumination light
119 has a two dimensional intensity cross-section. As depicted in FIG. 1, the
multiple wavelength ilumination beam has a circular infensity cross-section
107A. After interaction with beam shaping optics 107, the multiple wavelength
Hlumination beam has a narrow line intensity cross-section 1078 that is
approximately one dimensional {i.e., infensity cross-section substantially extends
in one dimension, and does not subsiantially extend in an orthogonal dimension).
Without beam shaping optics 107, the beam of illumination light 118 would be
projected onto specimen 112 with spatially separaied azimuth and AQI
components. Howaver, after reshaping by beam shaping optics 107, the azimuth
components are collapsed in the direction across line 1078, effectively to a single
azimuth vaiue, while the AQI components are preserved in the direction along
the line 1078. Although azimuth information is lost, this enables the detection of
wavelength information as described hereinafter in further detail.

[ooss]  Beamn shaping optics 107 reshape the multiple wavelength idlumination
beam from a circular shape {0 a line shape with negligible light loss. Thus, the
spectroscopic BPH system has very high light efficiency. This enables
measurements of overiay with very short acquisition fimes.

[00701  Inone embodiment, a pair of cylindrical mirrors is empioyed to shape
the incoming beam {0 a narow line shape. In other embodiments, a cylindrical
lens, a spatial light modulator (SLM), a diffractive optical element, a slit, or group
of slits, two or more deformable mirrors, or other suitable elements are employed
to shape the beam to a narrow line shape. In some embodiments, a piezo driven
mirror is located in the llumination path to move the narrow line shaped beam

along the sample suface.
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(00711 Ingeneral, the incoming beam can be shaped into any approximately
one-dimensional shape. Depending on particular measurement application
factors such as target features, system aberrations (standard or fieid dependent),
wafer shape, etc., other shapes may be contemplated such as dots, arcs, curved
lines or any other suitable shape that enables collection of simultaneous angular
and spectral information in accordance with the methods and systems described
herein.

[0072]1 After reshaping by beam shaping optics 107, the narrow line
Hlumination beam is directed to illumination beam splitter 109, Hllumination beam
splitter 109 may include any suitable beam splitting element including, but not
limited to, a cubic beam splitter, a metallic coating plate, a dichroic optical coating
plate, or other beam splitting mechanism. {llumination beam splitter 109 directs a
portion of the collimated narrow line illumination to objective 111 and direcis
another portion (¢ intensity monitor 110, In some embodiments, intensity monitor
110 is communicatively coupled to computing system 130 and provides an
indication of the overall llumination intensity, the Hlumination intensity profile, or
both, {0 computing system 130. Objective 111 directs collimated narrow line
Humination to the surface of specimen 112 over a broad range of angles of
incidence. Light reflected, diffracted, and scattered from the surface of specimen
112 is collected by objective 111.

(00731 In a preferred embodiment, objective 111 includes only reflective
optical surfaces to accommodate the range of wavelengths potentially employed
by the spectroscopic BPR systems described herein. In some exampiles, a
reflaxicon objective is employed. Such an objective is capable of high NA {e.q.,
NA > (.9).

(00741 In some embodiments, the design of objective 111 may be optimized
for substantially one-dimensional beams because, as described in FiG. 1, the
intensity cross-section of the ilumination beam entering objective 111 is
substantially one-dimensional {e.¢., narrow line shape).

(00751  Insome embodiments, muitiple objectives are located on a movable
stage (e.g., motorized objective turret or motorized linear objective changer). In
this manner, the selection of a particular objective may be programmably
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controlled, for example, by computing system 130, In this manner, different
objectives may be made available o provide the best wavelength range and NA
range for different measurement applications.

(00761 Ingeneral, high NA objective 111 may be catoptric (1.e., all reflective
surfaces), catadioptric (i.e., combination of both reflective and refractive
surfaces), or dioptric (i.e., all refractive surfaces).

(00771  FIG. 14 illustrates an exemplary four cell overlay target 210 disposed
on specimen 112, Overlay target 210 includes four celis 211A-D. Each cell
includes a grating structure that is offset from another grating structure in one
dimension. The two grating structures are nominally the same structure offset
from one another by a known, programmed offset and an unknown overlay offset
in one direction. For example, cell 211A includes two grating structures offset
from one another in the x-direction by a programmed offset, fy, and an unknown
overlay offset, OVL,. Similarly, cell 211D includes two grating structures offset
from one another in the x-direction by the opposite, programmed offset, f, and
the unknown overlay offset, OVL,, in the same direction. By comparing
measurement data collected from cells 211A and 211D, the effecis of the
programmed offset cancel, exposing the unknown overlay value in the x-
direction.

(00781 Similarly, cell 211B includes two grating structures offset from one
another in the y-direction by a programmed offset, f,, and an unknown overlay
offset, OVL,. Similarly, cell 211C includes two grating structures offset from one
another in the y-direction by the opposite, programmed offset, -f,, and the
unknown overlay offset, OVL,, in the same direction. By comparing
measurement data collected from cells 2118 and 211C, the effects of the
programmed offset cancel, exposing the unknown overlay vaiue in the y-
direction.

(00791  Inone aspect, the narrow line shaped beam of illumination light is
projected onto a metrology target such that the direction of the narrow line
shaped beam is aligned with the grating direction of the particular metrology

target under measurement.
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(00801 FIG. 15 depicts cell 211C flluminated by narrow line shaped beam 215
generated by beam shaping optics 107 and projected onto cell 211C by objective
111, As depicted in FIG. 15, narrow line shaped beam 215 lies within objective
pupil 216 at the surface of specimen 112 and extends is a direction parallei {o the
direction of extent of the grating structure of cell 211C (i.e., the x-direction). For
example, the grating structure may include periodic lines and spaces that exiend
in the x-direction.

(00811 As depicted in FIG. 1, light collected by objective 111 is directed
through a pupil detection path to a two dimensional detector 118. In some
embodiments, detector 118 is a two dimensional charge couplad device (2D-
CCDY. In some other embodiments, detector 118 is a two or three dimensional
complementary metal oxide semiconductor (CMOS) sensor. In general, detecior
118 may be any detector having separately addressable pixels, or other optically
sensitive elements, arraved in two dimensions. In this manner, both AC! and
wavelength information are separately resclved by system 100,

(00821 Inthe embodiment depicted in FIG. 1, the pupil detection path includes
pupil relay optics 116 that direct the collected light to wavelength dispersive
element 117, Wavelength dispersive element 117 disperses the collected light
across one dimension of two dimensional detector 118 according to wavelength.
Wavelength dispersive element 117 is oriented such that the direction of
wavelength dispersion on the surface of the two dimensional detector 118 is
perpendicular to the direction of dispersion of the collected light according to ADL
in this manner, the two-dimensional detector simultaneously detects both angular
signal information (.., angle of incidence) and speciral information.

(00831 Inone embodiment, one dimension of detector 118 is aligned with the
direction of projection of the narrow line beam. In this dimension (i.e, the
direction paraliel to the line beam direction) the narrow line beam is dispersed
onto detector 118 as a function of angle of incidence (ADI). Wavelength
dispersive element 117 is oriented such thai the direction of wavelength
dispersion 1s perpendicular to the narrow line beam. Thus, the narrow line beam
is dispersed on the detector as a function of wavelength in the second,
orthogonal dimension of the two dimensional detector. As a result, the detected
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measurement signals at each pixel of detector 118 represent the scatterometry
signal for a particular AQ! and a particular wavelength,

[00841 A reflective grating is preferable for wide wavelength ranges. The
grating density is selected o achieve the wavelength resolution for the
measurement gpplication. For example, if high wavelength resolution in the
ultraviolet spectrum is required, a high density reflective grating or a prism is
preferred. In general, wavelength dispearsive element 117 may include at least
one curved diffraction grating, planar diffraction grating, holographic plate, prism,
or any other element suitable for spatially dispersing the collected light according
to wavelength.

(00851  In some embodiments, the overlay target itself disperses the incident
light according to wavelength (i.e., energy) and the dispersed light is collected
and detected by the iwo-dimensional detector 1138 of the spectroscopic beam
profile metrology systemn 100 without employing wavelength dispersive element
117. in one embodiment, one dimension of the detector is aligned along the line
beam direction. Inthis dimension (i.e., the direction parallel to the line beam
direction) the narrow line beam is dispersed on the detector as a function of
angle of incidence (AQ1). In the second, orthogonal dimension of the two
dimensional detector the narrow line beam is dispersed on the detector as a
function of wavelength. Thus, the detected measurement signals at each pixel
represent the scatterometry signal for a particular AQI and a particular
wavelength.

[ooBél Inanocther aspect, speciroscopic beam profile measurements of an
overlay target are performed based on detected light diffracted from an overlay
target at the Oth diffraction order, +1 and -1 diffraction orders, or a combination
thereof.

[00B71 Since most overlay measurement targets {e.g., SCOL target) are
designed as two dimensional grating structures, the overlay target itself acts as a
wavelength dispersion element in the spectroscopic BPR system 100, The
narrow line shaped beam incident to metrology target, for example as depicted in
FIG. 15, generates Oth order and higher order diffracted light. If equation (1) is
satisfied, the higher order beam is collected by high NA objective 111. With
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respect to equation (1), NA is the numerical aperture of the objective, m, is the

target pitch vaiue.
A
NA > 1
] p (1)

[oo881 Inone example, the numerical aperture of objective 111 is 0.93 and
the minimum llumination wavelength is selected to be 400 nanometers. Inthis
example, the overlay target pitch must be at least 431 nanometers o ensure that
cbjective 111 coliects light diffracted at the +1 and -1 diffraction orders.

[008%] In some embodiments, spectroscopic beam profile measuremenis of a
SCOL target are based on first order diffracted light (e.g., +1 and -1 diffraction
orders). In some of these embodiments, the SCOL target acts as a dispersion
glement and the +1 and -1 diffraction order signals are acquired by a two
dimensicnal detector that simultaneously records overlay information in both the
angle of incidence (AD1) and wavelength domains. In general, overlay
measurements based on +1/-1 diffraction order light is suitable for SCOL targets
having relatively large pitch values (e.g., greater than 400 nanometers) that do
not adhere to the pitch design rule for the 20 nanometer semiconductor
fabrication node.

[0020] As described with reference to FIG. 15, the grating lines of cell 211C of
overlay target 210 are paralle! to the llumination line projected onto the wafer
surface. FIG. 16 depicts the light detecting surface 220 of detector 118, The
projection of the objective pupil area at the detector 221 is also illustrated in FIG.
16. As depicted in FIG. 16, the +/-1 diffraction order signals reflected from the
overlay target are wavelength dispersed in the direction perpendicular to the
grating lines and are dispersed according to AO! in the direction paraliel to the
grating lines. Light diffracted from the grating target 211C outside the objective
pupil area 221 (i.e., larger AOI and wavelength values) are not collected by the
objective lens.

(00911 As depicted in FIG. 16, in one example, a large pitch grating {e.g.,
pitch greater than 450 nanometers) is measured as described herein. Signals

acquired at the detector contain bath +1 order and -1 order SCOL cell reflectance
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over a range of ADI betwesn zero and 65 degrees and a range of wavelengths
between 360 nanometers and 720 nanometers. Furthermore, the zeroth order
signal is not dispersed by an additional wavelength dispersion element. Thus,
the O™ order signal is projected onto the surface 220 of detector 118 as a narrow
line shaped baam of reflected light.

(009271 Inthe embodiment depicted in FIG. 18, both the o™ order light and +1/-
1 order light are detected and available for analysis {0 estimate overlay values.
However, in some embodiments, the 0" order light is blocked by an aperture to
prevent saturation of detector 118, In these embodiments, the +1/-1 order light
only is available for analysis to estimate overlay values.

(00831 In some embodiments, spectroscopic beam profile measurements of
an overlay target are based on zeroth order diffracted light that is wavelength
{i.e., energy) dispersed by a dispersion element located in the collection path.
The dispersed zeroth order signal is acquired by a two dimensional detector that
simultaneously records overlay information in both the angle of incidence (AGH
and wavelength domains.

(00941 When using a visible wavelength light source {e.g., 400 nanometers to
800 nanometers), light diffracted at the +1/-1 diffraction orders cannot be
captured by a practical objective for overlay targets having small grating pitch
(e.g., less than 200 nanometers). Thus, for these small pitch grating structures,
only O" order light is collected.

[0095] In general, overlay measurements based only on 0" order light is
suitable for SCOL targets having small pitch values (e.g., less than 200
nanometers) that adhere {0 the pitch design rule for the 20 nanometer
semiconductor fabrication node.

(00861 Inthese examples, a wavelength dispersive element such as
wavelength dispersive element 117 is employed in the collection path to disperse
the line shaped beam in the direction perpendicular to the line shape. The
dispersed light is collected by the two dimensional detector 118. The detected
signals at each pixel indicate the reflectance of the OV order light at each spacific

wavelength and AOL As depicted in FIG. 17, 0" order light is collected over a
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range of angles of incidence between zerc and 65 degrees and over a range of
wavelengths between 360 nanometers and 900 nanometers.

(00871 In some embodiments, spectroscopic beam prefile measurements of
an overlay target are based on zeroth order diffracted light that is wavelength
(i.e., energy) dispersed by a dispersion element located in the collection path and
first order diffracted light (e.g., +1 and -1 diffraction orders). As depicted in FIG.
18, the +/-1 diffraction order signais reflected from cell 211C of overlay target 210
are dispersed according to AOI in the direction paraliel to the direction of the
projection of the grating lines onto the surface 220 of detector 118, The +/-1
diffraction order signals reflected from cell 211C of overlay target 210 are also
dispersed according to wavelength in the direction perpendicular to direction of
dispersion of AQ! In addition, the 0" order signals from cell 211C of overlay
target 210 are projecied onto a different area of surface 220 of detector 118 than
the +1/-1 diffraction order signals. As depicted in FIG. 19, the 0" diffraction order
signals reflected from cell 211C of overlay target 210 are dispersed according to
AO! in the direction paraliel to the direction of the projection of the grating lines
orto the surface 220 of detector 118. The OV diffraction order signals reflected
from cell 211C of overlay target 210 are alsc dispersed according to wavelength
in the direction perpendicular to direction of dispersion of AQL In this manner,
both 0" order diffracted light and +1/-1 diffraction order light is acquired by a two
dimensional detector that simultaneously records overlay information in both the
angle of incidence (AO1) and wavelength domains.

(00281 In some embodiments, the dispersed (Oth order beam fills the middie of
the detector and is used to normalize the +/-1 order signals. In some
embodiments, the dispersed Oth order beam fills the middle of the detector and is
used to evaluate the structural quality of the cell of the SCOL target.

(00391 As described hereinbefore, a spectroscopic baam profile metrology
systern many include a wavelength (i.e., energy) dispersion element in the
collection path before the detector to disperse light diffracted from the overlay
target under measurement. In general, a wavelength dispersive element may be
employed by a spectroscopic beam profile metrology system to disperse the Oth
order beam reflected from the overlay target, the +1/-1 diffraction order beam, or
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a combination thereof. The wavelength dispersive element is employed o
increase resoclution of the detected wavelengths. In some examples, the overlay
target itself provides some wavelength dispersion at the +1/-1 diffraction orders.
However, in these examples, it may be advantageous to employ a wavelength
dispersive element in the collection path to further disperse the signal according
to wavelength before the beam reaches the deteclor.

(0010071 Inafurther aspect, a low pass filter, high pass filter, band pass filter,
or any suitable combination of optical filters is selectably located inthe
Hlumination beam path of a spectroscopic beam profile metrology system to
select the desired illumination wavelength range based on SCOL cell pitch value.
in general, the illumination wavelength range is selected to ensure sufficient
wavelength range of the diffracted +1/-1 diffraction order signals and to avoid
overlapping of different diffraction orders on the detector.

(001011 Inanother further aspect, a shorting filter, a hot mirror, a cold mirror,
or any suitable combination of optical fiters is selectably located in the collection
beam path of a spectroscopic beam profile metrology system {o avoid
overlapping of different diffraction orders on the detector.

(0010271 In some examples, the grating pitch of a SCOL target is 300
nanometers and the avaiiable broadband illumination includes wavelengths in the
range of 240 nanometers to 1000 nanometers. Based on SCOL overlay
sensitivity analysis, it is desirable to collect spectroscopic BPR measurement
data over a wavelength range between 350 nanometers and 820 nanometers.
(001031 Inone example, llumination filters are employed to avoid the 2nd
diffraction order beam at 350 nanometers from overlapping with the 1 diffraction
order beam at 701 nanometers. In this example, a band-pass filter i1s located in
the lumination path to select tllumination light having wavelengths between 350
nanometers and 700 nanometers. While the overiay target is llluminated with
this light, the detector collects a first image of the diffracted signals. After the first
image is collected, the illumination band-pass filter is reconfigured to select
Humination light having wavelengths between 410 nanometers and 820
nanometers. While the overlay target is illuminated with this light, the detector
collects a second image of the diffracted signals. An overlay calculation
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algorithm is employed to determine an estimate of cverlay values based on the
measured signals from both images.

[001041 Inanother example, both ilumination and collection filters are
employed to avoid the 2nd diffraction order beam at 350 nanometers from
overlapping with the 1% diffraction order beam at 701 nanometers. In this
example, a band-pass filter is located in the dliumination path to select
Humination light having wavelengths between 350 nanometers and 820
nanometers. In addition, a sorting filter is located in the collection path. In this
example, the collected image data will have a continuous wavelength range
betweaen 350 nanometers and 820 nanometers without 2nd order diffracted light
overlapping with 1% order diffracted light on the detector.

(001051 As illustrated in FIG. 19, overlay target 210 includes two cells (2118
and 211C) with grating structures that extend in the x-direction (e.g., periodic
lines and spaces that extend in the x-direction) and two celis (211A and 21109
with grating pitches that extend in the y-direction (e.g., lines and spaces that
exiend in the y-direction). In another further aspect, an overlay target such as
overlay target 210 is measured in two orthogonal directions by rotating the
narrow line shaped illumination beam by 90 degrees. If a wavelength dispersion
element is utilized, the wavelength dispersion element is also rotated or
otherwise moved or substituted {o rotate the direction of wavelength dispersion
by ninety degrees as projected onto the detector.

(001061 FIG. 19 depicts cell 211A illuminated by narrow line shaped beam
215 generated by beam shaping optics 107 and projected onto cell 211A by
chiective 111, As depicted in FIG. 19, narrow line shaped beam 215 lies within
chjective pupil 216 at the surface of specimen 112 and the direction of narrow
line shaped beam 215 is aligned with the direction of extent of the grating
structure of cell 2114 (i.e., the y-direction).

(001071  In some embodiments, beam shaping optics 107 includes a
cylindrical lens or mirror group and the cylindrical lens or mirror group is rotated
90 degrees to effectively rotate the projection of narrow line shaped beam 215
onto specimen 122 by 90 degreses. In this manner, both x and y SCOL targets
are measured without having to rotate spacimen 112
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(0010871 In some embodiments, the cylindrical lens or mirror group and the
dispersion element are mounted on a rotatable motor or slider or stage to rotate
the narrow iine shaped beam by 90 degress.

(001081  FIG. 20 depicts the light detecting surface 220 of detector 118, The
projection of the objective pupil area at the detector 221 is also illustrated in FIG.
20. As depicted in FIG. 20, the +/-1 diffraction order signals reflected from cell
211A are wavelength dispersed in the direction perpendicular to the projection of
the grating lines onto detector 118 and are dispersed according to AQH in the
direction paraliel to the grating lines. Light diffracted from the grating target 211A
outside the objective pupil area 221 (i.e., larger AD! and wavelength values) are
not collected by the objective lens.

[00110] Similarly, as depicted in FIG. 21, the O order diffraction signals
reflected from cell 211A are wavelength dispersed in the direction perpendicular
to the projection of the grating lines onto detector 118 and are dispersed
according to ACH in the direction paraliel to the grating lines. As depicted, in FIG.
21, the 0" order diffracted light is collected over a range of angles of incidence
between zero and 65 degrees and over a range of wavelengths between 360
nanometers and 900 nanometers.

(001111  Inone embodiment, computing system 130 determines an estimate
of an overlay parameter based on spectroscopic BPR signals 135 in a regression
analysis.

(001121 Inthis example, a overlay measurement model includes a
parameterization of the overlay metrology target in terms of the overlay offset. In
addition, the overlay measurement model includes a parameterization of the
measurement tool itself (e.q., wavelengths, angles of incidence, polarization
angles, efc.). In addition, simulation approximations (e.g., slabbing, Rigorous
Coupled Wave Analysis (RCWA), etc.) are carefully performed to avoid
introducing excessively large errors. Discretization and RCWA parameters are
defined.

(001131 Machine parameters (Pmacnine) a8re parameters used {o characterize
the metrology tool itself. Exemplary machine parameters include angle of
incidence (ADI), analyzer angle (AD), polarizer angle (P0), illumination
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wavelength, numerical aperture (NA), etc. Specimen parameters (Pspecimen) @re
parameters used to characterize the geometric and material properties of the
specimen.

(0011431 Formeasurement purposes, the machine parameters of the overlay
measurement mode! are treated as known, fixed parameters and the specimen
parameters of the overlay measurement model, or a subset of specimen
parameters, are treated as unknown, floating parametars. The floating
parameters are resolved by a fitling process {e.g., regression, library matching,
etc.) that produces the best fit between theoretical predictions and measured
data. The unknown specimen parameters, Pspecimen, &ré varied and the mode!
cutput values are calculated until a set of spacimen parameter values are
determined that results in a close matech between the mode! output values and
the measured values,

(0011571  Inafurther aspect, the spectroscopic beam profile metrology system
is configured {o select g subset of the acquired wavelengths and angies of
incidence to improve the accuracy and precision of the overlay measurement.
The proper wavelength and AQI range may change site by site due to process
variation.

(001161  Inanother further aspect, the spectroscopic beam profile metrology
system is configured to weigh the acquired wavelengths and angles of incidence
to improve the accuracy and precision of the overlay measurement.

(001171 Traditionally, signal selection and weighting is based on AQI alone,
however, as described herein, signal selection and weighting i1s based on both
AQ! and wavelength data collected simultanecusly.

(0011871  Inanother further aspect, a trained SRM (signal response metrology)
model or SPI (single parameter isolation) model is applied to the acquired
measurement signals to determine overlay values. The SRM and SPI models
are trained based on overlay reference data.

(001197 In some other embodiments, solid immersion techniques may be
employed to include light diffracted at higher order {i.e., any order different from

zero) within the pupil of the system. In this manner, the same detector may be
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employed to detect both zero order diffracted light and higher order diffracted
light, even for systems without a large collection NA.

(001201 Inafurther aspect, two or more detectors are employed in the
collection path to detect signals simultaneously or sequentially. In some
embodiments, each detector is configured to detect different wavelength ranges,
simuitaneously. This may be advantageous for measurements over wide
wavelength ranges, where a single detector is not able (o measure across the
entire wavelength range with sufficient accuracy. For example, one detector is
optimized for the ultraviolet to visible range, while another detector is optimized
for the infrared range. Together, these detectors are capable of generating
measurement signals over a broad speciral range. In one example,
measurements across a wavelength range between 190 and 2,300 nanometers
are desired. In this example, a back-thinned CCD image sensor {e.g., back-
thinned CCD image sensor model number $10420 manufactured by Hamamatsu
Corporation (Japan)) is employed to perform measurements in the wavelength
range between 190 and 1,000 nanometers. In addition, a photodiode array (e.q.,
inGaAs linear image sensor model number GI207-256W manufactured by
Hamamatsu Corporation (Japan)} is employed to perform measurements in the
wavelength range between 950 and 2,300 nanometers.

(0012171 Insome embodiments, a cascaded spectrometer design is employed
to simultaneocusly detect measurement signals over different wavelength ranges.
A sorting filter may be added to provide speciral separation between the higher
order signal and the lower order signal. In one embodiment, wavelength range
separation is achieved by a hot mirror or cold mirror. In another embodiment,
wavelength range separation s achieved using a cascaded uliraviclet + infrared
spectrometer design for wavelength separation and signal detection as described
in U.S. Patent No. 8,873,050 assigned to KLA-Tencor Corporation, the subject
matter of which is incorporated herein by reference in its entirety.

(001227  In another further aspect, one or more illumination apertures are
located in the llumination path of a spectroscopic beam profile metrology system
to attenuate the intensity profile of the narrow line shaped beam of illumination
light. This enables a smaller measurement box size 30 that smaller features can
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be measured. In some embodiments, one or more apodizers or slits are located
in the illumination path to reduce the measurement spot size. iIn some
embodiments, the apodizers or slits are located in the ilumination path to imit
the range of measurement AQL

(001231  As depicted in FIG. 1, the multiple wavelength illumination light 119
passes through one or more liumination apertures 104 located in the llumination
path before beam shaping optics 107. The aperture(s) of the selectable
Humination apertures 104 may be formed by any suitable device including, but
not limited to a mechanical pin-hole, a spatial light modulator (SLM), an apodizer,
and any other beam forming and controlling component or sub-system.

(001247  Insome embodiments, an apodizer located in the illumination path is
employed to reduce measurement spot size by attenuating the beam of
Hiumination hight before the beam is substantially reshaped by beam shaping
optics 107, In some of these embodiments, apodizer 104 is selected to attenuate
the light intensity profile to reduce edge diffraction effects.

(0012571 In some embodiments, apodizer 104 is selecled to control the
Hlumination NA range, and thus, the range of available AOL In one example,
depicted in FIG. 12A, specimen 107 under measurement includes a grating
structure having a pitch of 500 nanometers. llumination light 119 includes
wavelength components in the range of 180-2,500 nanometers. In this example,
apodizer 104 is selectad to limit the range of llumination AQ! within 32-65
degrees. This enables zeroth order diffraction signal collection in this example.
FIG. 12A depicts the intensity cross-section 188A of collimated illumination beam
119 before interaction with apodizer 104. FIG. 12A also depicts the intensity
cross-section 1888 of colimaled dlumination beam 119 after interaction with
apodizer 104, As depicted in FIG. 124, apodizer 104 limits the range of
ilumination AQI by significantly attenuating the lllumination intensity in the center
of the beam (small AOH). FIG. 12A depicts the intensity cross-section 188C of
the illumination beam as it enters objective 111. As illustrated in FIG. 12A, the
intensity cross-section 1s influenced by the combination of apodizer 104 and the
“flattening” of the intensity cross-section by beam shaping optics 107. FIG. 12A
depicts the projection 1890 of the collected light onto detector 118, Inthis
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example, a collection aperture 115 is emploved to block collected light beams
associated with an AD! less than 32 degrees. This effectively blocks collected
light having a non-zero diffraction order. As a result, detector 118 senses light
for AQls within the range of 32-65 degrees {i.e., AQl regions, B and B’ illustrated
in FIG. 12A) and does not sense substantial light within the range of ADIs
between 0 and 32 degrees {i.e., ADI region, A, illustrated in FIG. 12A).

(001261 Inancther example, depicted in FIG. 12B, apodizer 104 is selected to
limit the range of illumination AQI within 15-65 degrees. This also enables zeroth
order diffraction signal collection in this example. FIG. 12B depicts the intensity
cross-section 189A of collimated dlumination beam 119 before interaction with
apodizer 104. FiG. 128 also depicts the intensity cross-section 1898 of
collimated illumination beam 119 afier interaction with apodizer 104. As depicted
in FIG. 128, apodizer 104 limits the range of illumination AQI by significantly
attenuating the illumination intensity in the center of the beam (small AGH. FIG.
128 depicts the intensity cross-section 189C of the illumination beam as it enters
objective 111, FIG. 12B depicts the projection 188D of the collected light onto
detector 118, In this example, a collection aperture 115 is employed to block
collected light beams associated with an AQ! less than 15 degrees. This
gffectively blocks collected light having a non-zero diffraction order. As a result,
detector 118 senses light for AQIs within the range of 15-65 degrees (ie., ACI
regions, D and I, illustrated in FIG. 12B) and doss not sense substantial light
within the range of AQIs between 0 and 15 degrees {(i.e., AUl region, C,
lustrated in FIG. 12B).

(001271 Insome embodiments, ilumination aperture 104 is a single aperture
glement. In some other embodiments, illumination aperture 104 is an array of
aperture elements. In some examples, one or mare aperture elements are
located on a single degree of freadom motion stage or a muliiple degree of
freedom motion stage. In this manner, the presence or location of one of more
aperture elements in the illumination path may be programmably conirolied, for
exampie, by computing system 130

(001281 Although, as depicted in FIG. 1, system 100 includes one or more
Hlumination apertures 104, in some other embodiments, illumination apertures

26
SUBSTITUTE SHEET (RULE 26)



WO 2017/053581 PCT/US2016/053136

may not be employed in the illumination path before beam shaping optics 107,
Thus, in general, the use of illumination apertures is optional.

(001291 In afurther aspect, one or more Hlumination apertures are located in
the lumination path after the beam shaping optics. In some embodiments, the
Humination apertures are located in the illumination path to reduce the
measurement spot size. In some embodiments, the illumination apertures are
located in the illumination path to limit the range of measurement AQOL

[001301 As depicted in FIG. 1, the multiple wavelength illumination light 119
passes through one or more iliumination apertures 108 located in the Hlumination
path after beam shaping optics 107, Hlumination light passes through one or
more selectable illumination apertures 108 before reaching illumination beam
splitter 109, In some embodiments, the selectable illumination apertures 108
include a set of illumination field stops and a set of llumination pupll stops. The
Hlumination field stops are configured to select the ilumination spot size
projected onto specimen 112, The illumination pupil stops are configured {o
select the llumination pupil projected onto specimen 112, The dlumination field
stops and pupil stops operate in conjunction with other illumination optics
components {e.q., objective 108) to achieve an illumination NA tuned for optimal
light throughput, illumination field of view, and pupil on the surface of specimen
112. The aperture(s) of the selectable illumination apertures 108 may be formed
by any suitable device including, but not limited to a mechanical pin-hole, a
spatial light modulator (SLM), an apodizer, and any other beam forming and
controlling component or sub-systam.

(0013171  Insome embodiments, illumination apertures 108 include a narrow
shit or apodizer to control the size and intensity profile of the narrow line shaped
beam. Inone embodiment, iilumination aperture 108 includes an apodizer to
limit the range of AQls as described with reference to FIGS. 12A-128. Inthis
manner, ilumination apertures 108 may be used in conjunction with or as an
alternative to apodizer 104,

(001321  Although, as depicted in FIG. 1, system 100 includes one ar more

Hlumination apertures 108, in some other embodiments, illumination apertures
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may not be employed in the illumination path after beam shaping optics 107.
Thus, in general, the use of illumination apertures is optional.

(001331 Inafurther aspect, ong or more collection apertures are located in
the collection path after objective 111. In some embodiments, the collection
apertures are located in the collection path to select a portion of the collected
beam for detection by deteclor 118.

(001341 As depicted in FIG. 1, the collected light passes through one or more
collection apertures 115 located in the collection path after objective 111.
Collected light passes through one or more selectable collection apertures 115
before reaching wavelength dispersive element 117 and detector 118

[00135] Inthe examples described with reference to FIGS. 12A-12B, an
Humination apodizer and a collection aperture were selected to collect Oth order
diffracted light from a sample by limiting the AQl range. For example, to acquire
the zeroth order signal from a 500 nanometer pitch grating target, both the
Hiumination apodizer and the collection aperture included a center blockags o
limit the range of AQOls subject to detection. Mare specifically, the center
blockage of the collection aperture effectively blocks the negative 1st order
diffracted light from reaching detector 118.

(001361  In another embodiment, collection aperture 115 includes a narrow slit
to further reduce the beam line width of the collected light before dispersion by
wavelength dispersive element 117.

(001371 In some other examples, one or more illumination apertures and one
or more collection apertures are selected to collect higher order diffracted light
from a sample with a limited AGH range.

(0013871  The aperture(s) of the selectable collection apertures 115 may be
formed by any suitable device including, but not limited to a mechanical pin-hole,
a spatial light modulator (SLM), an apodizer, and any other beam forming and
controlling component or sub-system.

(001397 Insome embodiments, collection aperiure 115 is a single aperture
glement. In some other embodiments, collection aperture 115 1s an array of
aperture elements. In some examples, one or more aperiure elements are
located on a single degree of freadom motion stage or a multiple degree of
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freedom motion stage. In this manner, the presence or location of one of more
aperture elements in the collection path may be programmably controlled, for
example, by computing system 130

[001401 Although, as depicted in FIG. 1, system 100 includes one or more
collection apertures 115, in some other embodiments, collection apertures may
not be employed. Thus, in general, the use of collection apertures is optional.
(001411  Inanother further aspect, a spatial light modulator (SLM) is located in
the illumination path, the collection path, or both. In some embodiments, the
SLM is located in an optical pupil plane of the measurement system. The SLM is
configurad {0 modulate amplitude, phase distribution, or both, across the path of
the llumination light, the collected light, or both, to reduce wavefront errors and
shape the amplitude and phase distribution of the beam. In a further aspect, the
spatial light modulator enables programmabile configuration of the phase
distribution across the Hlumination beam. This may be employed {o correct
aberrations or cancel contamination signais. By way of non-limiting example,
any of a transmissive liquid crystal display (LCD) device, a reflective liguid crystal
on silicon (LCOS) device, a pixelated mirror device, and a deformable mirror
device having a continuous surface may be employed as a SLM in the
Hlumination path of a metrology system. A deformable mirror element includes a
programmable surface shape. In particular optical aberrations that arise from
objective 111, apodizer 104, cylindrical mirrors of beam shaping element 107,
and other optical components may be compensated by one or more SLMs such
as a deformable mirror array.

(001421  Inanother further aspect, a polarizing element is located in the
Hlumination path before the objective. In some embodiments, the polarizing
element is located before the beam shaping optics. In some other embodiments,
the polarizing element is located between the beam shaping optics and the
objective.

(0014371 Invyet another further aspect, an analyzer element is located in the
collection path after the objective.

[001441 As depicted in FIG. 1, the multiple wavelength illumination light 119
passas through polarizer 105, and collected light passes through analyzer 114,
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in some embodiments, polarizer 105 is a static, or selectable, polarizing element.
in some embodiments, polarizer 105 and analyzer 114 are mountad on a rotary
stage. The rotary stage is controlled, for example by computing system 130, to
move {0 a desired polarization angle, or sequence of polarization angles, and
measurement signals are collected at each polarization angle. Alternatively,
cther polarization control mechanisms may be employed. For example,
simultaneous measurement of polarization components by channel separation or
polarization control mechanisms (2.g., solell babinet compensator, waveplates,
liguid crystal polarization controller, or other eleciro-optic polarization controllers)
may be implemented.

(001457  In some other embodiments, polarizer 105 is a rotating polarizing
element. In these embodiments, polarizer 105 is rotated at a constant speed,
and the detector signal is acquired at pre-defined frame rate. In these
embodiments, systern 100 operates as a multiple AO! spectroscopic Ellipsometer
(SE).

(001467 Inanother further aspect, a compensator (e.g., compensator 106) is
added in the illumination path after the polarizer and ancther compensator (.9,
compensator 113} is added in the collection path before the analyzer. Hf the
polarizer and collection side compensator are continually rotating during the data
acquisition, then the metrology system operates as a multiple AO! rotating
polarizer, rotating compensator {RPRC) system. If the polarizer stays at the fixed
position and both the illumination side compensator and the illumination side
compensator rotate during data acquisition, the system operates as a mulliple
AO! rotating compensator, rotating compensator (RCRC) system.

(001471  Although, as depicted in FIG. 1, system 100 includes polarizer 105,
analyzer 107, compensator 106, and compensator 113, in some other
embodiments, any or all of these elements may not be employed. Thus, in
general, the use of these elements is optional.

(001487 As described hereinbefore, a set of iliumination aperiures (before
beam shaping optics, after beam shaping optics, or both) 18 selected {o define the
Hlumination spot size on the specimen. In addition, in some embodiments, the
set of llumination apertures is paired with a set of collection apertures to define

30
SUBSTITUTE SHEET (RULE 26)



WO 2017/053581 PCT/US2016/053136

the range of AQls detected by the pupil detector. The sets of illumination and
collection apertures may be fixed or programmable, and can be based on
physical apertures, SLMs, or any other suitable selective mechanism.

foo149] FIGS. 9A-9C depict illumination and collection aperture selections for
three exemplary measurement applications.

(001507 FIG 9A depicts several views of the beam intensity profile in a
spactroscopic BPR system for zeroth order measurements of CD signals of
grating targets having a smali pitch (i.e., pitch<136 nanometers) or zeroth order
measurements of thin films. In this exampile, the wavelength ranges from
approximately 260 nanometers to approximately 800 nanometers.

[00151] FIG. %A depicts the intensity cross-section 180A of collimated
lumination beam 119 before interaction with beam shaping optics 107. FiG. 9A
also depicts the intensity cross-section 1808 of collimated illumination beam 119
after interaction with beam shaping optics 107, In this example, there is no
blocking by either ilumination aperture 108 or collection aperture 115, Hence,
the intensity cross-section 180C entering objective 111 and the intensity cross-
section 1800 entering wavelength dispersive element 117 reflect the narrow line
beam shape imposad by beams shaping optics 107,

(0015271 FIG. 9B depicts several views of the beam intensity profile in a
spectroscopic BPR system for zeroth order measurements of CD signals of
grating targets having a relatively large pitch (i.e., pitch between 136 and 500
nanometers). In this example, the wavelength ranges from approximately 190
nanometers {0 approximately 800 nanometers.

(0015371 FIG. 9B depicts the intensity cross-section 181A of collimated
Hiumination beam 119 before interaction with beam shaping optics 107, FIG. 9B
also depicts the intensity cross-section 1818 of collimated Hlumination beam 11%
after interaction with beam shaping optics 107, In this example, illumination
aperture 108 is configured to block ADIs less than 32 degrees. After interaction
with illumination aperture 108, the intensity cross-section 181C entering objective
111 reflects this blockage. Similarly, collection aperture 115 is configured to
block ADIs less than 32 degrees. After interaction with collection aperture 115,

the intensity cross-saction 181D entering wavelength dispersive element 111
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reflects this blockage. This effectively blocks collected light having a non-zero
diffraction order. As a result, detector 118 senses light for AQIs greater than 32
degrees.

(001541 FIG. 8C depicts several views of the beam intensity profile in a
spectroscopic BPH system for first order measurements of overlay structures
having relatively large pitch (a.k.a., scatterometry overlay measurements).
(001551 FIG. 9C depicts the intensity cross-section 182A of collimated
ilumination beam 119 before interaction with beam shaping optics 107. FiG. 8C
also depicts the intensity cross-section 1828 of collimated flumination beam 118
after interaction with beam shaping optics 107. In this example, illumination
aperture 108 is configured {o block AQls greater than 12 degree. After
interaction with fllumination aperture 108, the intensity cross-section 182C
entering objective 111 reflects this biockage. Conversely, collection aperture 115
is configured to block AQIs less than 12 degrees. After interaction with collection
aperture 115, the intensity cross-section 182D entering wavelength dispersive
element 111 reflects this blockage. The collection aperture effectively blocks
collected light having zero diffraction order. As a result, detector 118 senses light
with AQls greater than 12 degrees, which in this example, includes -1st order
and +1st order diffracted light.

(001561  Inanother further aspect, a heam shaping optic located in the
Humination path is configured to rotate the narrow line beam illumination to a
desired azimuth angle. As described hereinbefore, beam shaping optics (e.g.,
beam shaping optics 107) effectively collapse the azimuth lumination
components to a single azimuth vaiue. However, by effectively rotating the
narrow line beam illumination about the beam axis, the effective azimuth angle is
changed. For some two dimensional measurement targsts, such as a CD line-
space grating, and some three dimensional measurement targets, such as a
complex firn structure, measurement sensitivity is improved when illumination is
provided to the target at one or more specific azimuth angles.

(001571  Inone embodiment, beam shaping optics 107 includes a SLM

configured to receive the collimated illumination light 119 and generate a narrow
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line beam oriented at a programmable illumination azimuth angle with respect to
the sample under measurement.

(001581 In some embodiments, another SLM is located in the collection path
to maintain the orientation of the collection beam with respect to the wavelength
dispersive element 117 and detector 118 for any change in beam azimuth angle.
Computing system 130 is configured to coordinate changes in state of the
Hiumination SLM and the coliection SLM fo maintain angular alignment for any
change in beam azimuth angie. In some other embaodiments, the image
projected onto the detector is rotated in software to account for rotations induced
by a change in azimuth angle.

(0015381 In another embodiment, beam shaping optics 107 depicted in FIG. 1
includes a pair of cylindrical mirrors each mounted {0 a rotary motion stage.
Each rotary motion stage is conirolled, for examgle by computing system 130, {c
change the orientations of the cylindrical mirrors 1o achieve a desired azimuth
angle associated with the narrow ling beam. In this manner, system 100 is
configured to change the illumination beam azimuth angle with respect o the
sample.

(001607 In some embodiments, the wavelength dispersive element 117 and
detector 118 are also mounted to rotary motion stages {0 maintain the orientation
of the wavelength dispersion and the detector with respect {o the collaction
beam. Computing system 130 is configured to coordinate the motion of the
cylindrical mirrors, the wavelength dispersive element 117 and detector 118 o
maintain angular alignment for any change in beam azimuth angle. The rotary
motion stages can be driven by piezo motors, servo moiors, or any other suitable
rotary actuation system. In some other embodiments, the image projected onto
the detector is rotated in software to account for rotations induced by a change in
azimuth angle.

(001617 In ancther embodiment, beam shaping optics 121 depicted in FIG. 3
are located in the common path of a spectroscopic BPR system. Beam shaping
optics 121 includes a pair of eylindrical mirrors each mounted to a rotary motion
stage. Each rotary motion stage is controlled, for example by computing system
130, to change the orientations of the cylindrical mirrors o achieve a dasired
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azimuth angle associated with the narrow line beam. In this manner, system 300
is configured {o change the illumination beam azimuth angle with respect to the
sample.

(001627 Inthis embodiment, the beam shape is recovered as a circular beam
after passing back through beam shaping optics 121, Additional beam shaping
optics 120 located in the collection path reshape the circular beam into a narrow
line shape beam before dispersion onto detector 118,

[001631 FIGS. 10A-C depict beam intensity profiles associated with three
different azimuth angle selections.

(001641 FIG. 10A depicts several views of the beam intensity profile in a
spectroscopic BPR system for a zero azimuth angle. Intensity cross-section
183A of collimated lumination beam 119 depicts the beam profile intensity of the
Hiumination beam before interaction with beam shaping optics 107. Intensity
cross-section 1838 depicts the beam profile intensity of the lumination beam
after interaction with beam shaping optics 107. For explanatory purposes, the
Hiumination beam azimuth angle depicted in FIG. 10A can be defined as the zero
azimuth angle. Intensity cross-section 183C at the entrance of objective 111 and
intensity cross-section 183D at the entrance to wavelength dispersive element
117 reflect the zerc azimuth angle.

(001651  FIG 10B depicts several views of the beam intensity profile in a
spectroscopic BPR system for a ninety degree azimuth angle. Intensity cross-
section 184A of collimated illumination beam 119 depicts the beam profile
intensity of the Hlumination beam before interaction with beam shaping optics
107. Intensity cross-section 1848 depicts the beam profile intensity of the
Hlumination beam after interaction with beam shaping optics 107, Inthis
exampile, the configuration of beam shaping optics 107 is changed such that the
Humination beam azimuth angle is ninety degrees with respect to the zero
azimuth angle described with reference to FIG. 10A. Intensity cross-section
184C at the entrance of objective 111 and intensity cross-section 184D at the
entrance to wavelength dispersive element 117 reflect the ninety degree azimuth

angle.

34
SUBSTITUTE SHEET (RULE 26)



WO 2017/053581 PCT/US2016/053136

foo166]  FIG. 10C depicts several views of the beam intensity profile in a
spectroscopic BPR system for & forty five degree azimuth angle. Intensity cross-
section 185A of collimated illumination beam 119 depicts the beam profile
intensity of the Humination beam before interaction with beam shaping optics
107. Intensity cross-section 1858 depicts the beam profile intensity of the
Hlumination beam after interaction with beam shaping optics 107. In this
example, the configuration of beam shaping optics 107 is changed such that the
Hlumination beam azimuth angle is forly five degrees with respect to the zero
azimuth angle described with reference to FIG. 10A. Intensity cross-section
185C at the entrance of objective 111 and intensity cross-section 185D at the
entrance o wavelength dispersive element 117 reflect the forty five degree
azimuth angle.

(001671 As described hereinbefore, in some embodiments, a beam shaping
optic is located in the illumination path to rotate the narrow line beam illumination
to a desired azimuth angle. Also, in some embodiments, as described
hereinbefore, a set of iilumination apertures is paired with a set of collection
apertures to defing the range of ADIs detected by the pupil detector. In general,
a spectroscopic BPR system such as system 100 may be configured for both
azimuth selection and AQI selection.

(001681  FIGS. 11A-B depict beam intensity profiles associated with two
different azimuth angle selections and an ACIH selection.

(001691 FIG. 11A depicts several views of the beam intensity profile in a
spectroscopic BPH system for a zero azimuth angle. Intensity cross-section
186A of collimated ilumination beam 119 depicts the beam profile intensity of the
Hlumination beam before interaction with beam shaping oplics 107, Intensity
cross-section 1868 depicts the beam profile intensity of the illumination beam
after interaction with beam shaping optics 107. For explanatory purposes, the
Hlumination beam azimuth angle depicted in FIG. 11A is defined as the zero
azimuth angle. In this example, illumination aperture 108 is configured to block
AQIs less than 32 degrees. After interaction with illumination aperture 108, the
intensity cross-section 186C entering objective 111 reflects this blockage.
Similarly, collection aperture 115 is configured to block AQIs less than 32
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degrees. After interaction with collection aperture 115, the intensity cross-section
186D entering wavelength dispersive element 117 reflects this biockage. This
effectively blocks collected light having a non-zero diffraction order. As a result,
detector 118 senses light for AQIs greater than 32 degrees at zero azimuth
angle.

(001707 FIG 11B depicts several views of the beam intensity profile in a
spectroscaopic BPR system for a ninaty degree azimuth angle. Intensity cross-
section 187A of collimated illumination beam 119 depicts the beam profile
intensity of the Hlumination beam before interaction with beam shaping optics
107. Intensity cross-section 1878 depicts the beam profile intensity of the
Hlumination beam after interaction with beam shaping optics 107, In this
example, the configuration of beam shaping optics 107 is changed such that the
Hiumination beam azimuth angle is ninety degrees with respect to the zero
azimuth angle described with reference to FIG. 11A. As described with reference
to FIG. 11A, illumination aperture 108 is configured to block AQIs less than 32
degrees. After interaction with illumination aperture 108, the intensity cross-
section 187C entering objective 111 reflects this blockage. Similarly, coliection
aperture 115 is configured to block AD!s less than 32 degrees. After interaction
with collection aperture 115, the intensity cross-section 187D entering
wavelength dispersive element 117 reflects this blockage. This effectively blocks
collected light having a non-zero diffraction order. As a result, detector 118
senses light for AQIs greater than 32 degrees at a ninely degree azimuth angle.
fo0o1711  Inancther further aspect, a spectroscopic BPR system is configuraed
to scan the illumination beam along the AQI direction {0 enable a mapping of the
pupl plane. In a further aspect, this pupil scanning mechanism may also be
complemented with a second scanning mechanism that scans the field plane to
enable averaging over target noise, a reduction ¢f coherence effects, and
improved accuracy.

(0017271  As depicted in FIG. 1, a scanning mirror 143 is located in the
Humination path before the beam shaping optics. The scanning mirror is
mounted on a tip/tilt motion stage (e.q., piezoelectric driven stage). The tip/tilt
maotion stage is configured to steer the illumination in plane across the specimen
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by changing the range of ADls. When measuring pericdic structures
characterized by relatively large pitch features, such as a CD grating or SCOL
grating, steering the illumination beam with the scanning mirror is employed to
select the optimal AQ! range.

(001731 FIG. 13 depicts several views of the shift of beam intensity profile in a
speciroscopic BPR system due o changes in orientation of a scanning mirror
143, Intensity cross-section 190A depicts the beam profile intensity of the
Hlumination beam before entrance into objective 111 for a given orientation of the
scanning mirror. Intensily cross-section 1908 depicts the beam profile intensity
of the collection beam entering wavelength dispersive glement 117, Intensity
cross-section 190C depicts the beam profile intensity of the illumination beam
before entrance into objective 111 for a different orientation of the scanning
mirror. As illustrated in FIG. 13, this results in a shift of the narrow line beam
across the objective 111 in the AQ! direction. Intensity cross-section 180D
depicts the beam profile intensily of the collection beam entering wavelength
dispersive element 117. As llustrated, the shift of the narrow line beam also
results in g shift of the collected beam across the wavelength dispersive element
117, and ultimately the detector 118 in the AOI direction. This results in a
change in the range of AQIs visible in the objective illumination pupil.

(001741  Although, as depicted in FIG. 1, system 100 includes scanning mirror
143, in some other embodiments, a scanning mirror in the illumination path
before beam shaping optics 107 may not be employed. Thus, in general, the use
of a scanning mirror is optional.

(001751 The measurement signals (.g., measurement signals 135 depicted
in FiG. 1) may be used for measurement of critical dimensions (CD), thin film
characterization, overlay measurements, focus adjustment, optical system
calibration and diagnosis, or any other suitable metrology. Speciroscopic BPR
pupil signals 135 contain sample information over a large wavelength and AOI
range. Delector signals at each pixel represent the scatterometry signai for a
particular ACI and wavelength. Hence, in some embodiments, signals
associated with a subset of the pixels are selected for measurement analysis.
Different subsets may be selected depending on the measurement application
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{(e.g., CD, TF, overlay, focus/dose, efc.). In addition, different weights may be
assigned to different pixel data (i.e., particular wavelengths and AGIs). Signal
response metrology (SRM) methods or single parameter isolation (SPI) methods
may be employed to select the subset of pixel signals best suited for a particular
measurement application. In other embodiments, all of the signals are employed
for measurement analysis.

(001761 Inancther further aspect, measurement signals from other
measurement modules, such as rotating polarizer speciroscopic ellipsometer
(RPSE), rotating analyzer spectroscopic ellipsometer (RASE), rotating
compensator speciroscopic ellipsometer (RCSE), rotating polarizer, rotating
compensator speciroscopic ellipsometer (RPRC SE), rotating compensator,
rotating compensator spectroscopic ellipsometer (RCRC SE), laser driven
spectroscopic reflectometer (LDSR), one dimensional beam profile reflectometer
(10-BPR), two dimensional beam profile reflectomster (2D-BPR), etc. may be
included in a combined measurement analysis to estimate values of paramelers
of interest.

(001771 Inancther further aspect, a spectroscopic BPR system includes two
wavelength dispersive elemenis and two corresponding detectors, each
configured {o detect a different polarization component of the collected light
beam.

[oo178] FIG. 2 illustrates a system 200 for measuring characteristics of a
specimen in accordance with the exemplary methods presented herein. Like
numberad elements are analogous to those described with reference {o system
100 depicted in FIG. 1.

(0017381  As depicted in FIG. 2, system 200 includes polarizing beam splitter
122 i the coliection path, rather than an analyzer. Polarizing beam splitter 122
separates the collected light into its p and s polarization components. Each
polarization component is directed to a separate wavelength dispersive element
and detector (i.e., wavelength dispersive element 117 and detector 118 and
wavelength dispersive element 123 and detector 124, In this manner system 200

is configured to simulianeously detect two different polarizations and generate
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speciroscopic BPR signals 135 and 136 associated with each polarization
component, respactively.

[001801 Inanother further aspect, a spectroscopic BPR system includes
beam shaping optics in the common path and the coliection path. In this manner,
the beam shape is a narrow line shape only before entering the objective and
any wavelength dispersive glements.

[oo181]  FIG. 3illustrates a system 300 for measuring characteristics of a
specimen in accordance with the exemplary methods presented herein. Like
numberad elements are analogous to those described with reference {o system
100 depicted in FIG. 1.

(001821 Asdepicted in FIG. 3, beam shaping optics 121 are located in the
common path shared by both the Hlumination path and the collection path. As
depicted in FIG. 3, beam shaping optics 121 are configured {0 reshape the
incoming ilumination beam {0 a narrow line shape. After interaction with
specimen 112, the collected beam passes through beam shaping optics 121 and
beam shaping optics reshapes the collected beam from a narrow line shape to a
circular shape.

(0018371 In addition, beam shaping optics 120 are located in the collection
path before wavelength dispersive element 117. Beam shaping optics 120 again
reshapes the collected beam from the circular shape to a narrow line shape
suitabie for dispersion onto detector 118 by wavelength dispersive slement 117
as described hereinbefore.

[o01841 Inthis embodiment, the beam shape i1s a narrow line shape only
before entering the objective 111 and the wavelength dispersive element 117.
Otherwise, the beam shape is circular when passing through other optical
components such as the polarizer, analyzer, compensators, illumination
apertures, collection apertures, stc.

(001857  In another further aspect, a spectroscopic BPR system includes two
wavelength dispersive elements and two corresponding detectors. One detecior
is configurad to perform pupil measurements of the specimen under
measurement. The other detector is configured to perform field measurements
of the same specimen.
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foo1es]  FIG. 4 lustrates a system 400 for measuring characteristics of a
specimen in accordance with the exemplary methods presented herein. Like
numbered elements are analogous to those described with reference to system
100 depicted in FIG. 1.

(001871 As depicted in FIG. 4, system 400 includes a field detector 127 in
addition to pupil detector 118. Field detector 127 acquires reflectance signals
over a wide wavelength range at multiple samples or sampile locations. Inthe
collection path, a beam splitter 125 splits the measurement beam. Beam spiitier
125 may inciude any suitable beam splitting element including, but not limited to,
a cubic beam splitter, a metallic coating plate, a dichroic optical coating plate, or
other beam splitting mechanism. A portion of the measurement beam is directed
toward wavelength dispersive element 117 and pupil detector 118. Ancther
portion of the measurement beam is directed ioward wavelength dispersive
element 126 and field detector 127. The beam is focused by a focusing oplics
145, At the beam focus position, wavelength dispersive glement 126 disperses
the beam along one dimension of two dimensional detector 127 according to
wavelength. The sample position is dispersed along the other dimension of two
dimensional detector 127. The signals at each pixel represent the reflectance at
a specific sample position and wavelength. These signals 137 are
communicated to computing system 130 for measurement analysis. By way of
non-limiting example, the detected spactra may be used for measurament of
critical dimensions (CD), thin film characterization, overlay measurement, focus
adiustment based on zero order signals, oplical system calibration and diagnosis,
or any other suitable metrology. In some examples, mulliple targets are
measured simulianeously based on the field measurement signals 137.

[ocissl  Insome embodiments, the field collection path includes a setf of
collection apertures {o select signals for projection onto field signal detector 127,
In some examples, higher order field signals are selected for projection onto field
signal detector 127. The aperiure(s) of the selectable field collection aperture
may be formead by any suitable device including, but not imited o & mechanical
pin-hole, a spatial light modulator (SLM), an apodizer, and any other beam
forming and controlling componant or sub-systam.
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(0018871 In some embodiments, a sliding mirror, or flip-in mirror is employed
instead of beam splitter 125. In this embodiments, field and pupil measurements
are performed sequentially by selectively removing the sliding mirror in and out of
the collection beam path, for example under the control of computing system
130.

(001801 Insome embodiments, beam splitier 125 diverts a portion of the
collected beam to focusing optics 145 for imaging directly onto a two dimensional
imaging detector. In these embodiments, the resulting wafer field images can be
used for measurement purposes, pattern recognition, image based focusing, or
any combination thergof.

(0018171  Inafurther aspect, the combined data from pupil detector 118 and
field detector 127 is employed to estimate values of parameters of interest, or
perform diagnostic tests. in some embodiments, both field and pupil
measurement signals are simultanacusly detected and processed to estimate
one of more structural or process parameter values and to characterize the
quality of the measurement. In some embodiments, field measurement signals
are processed to estimate one or more structural or process parameter values,
and pupil measurement signals are processed to characterize the field
measurement conditions. In some other embodiments, pupil measurement
signals are processed to estimate one or more structural or process parameter
values, and field measurement signals are processed {o characterize the pupil
measurement conditions.

foo1921 Field measurement signals are detected at or near the field plane of
the measurement system. The field plane of the measurement system is
conjugate to the surface of the specimen under measurement. Pupil plane
measurement signals are detected at or near the pupil plane of the measurement
system. The pupil plane 15 the Fourier transform of the field plane and is
conjugate to the limiting aperture of the objective. In general, light reflected,
diffracted, or scattered from different locations on the surface of a specimen
under measurement is detected in different locations in the field plane of the
measurement system, regardiess of the collection angle. In contrast, light
reflected, diffracted, or scattered at different angles from the surface of a
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specimen under measurement is detected in different locations in the pupil plane
of the measurement system, regardiess of the location of the light interaction on
the surface of the specimen.

(0019371 In some embodiments, both field and pupil measurement signals are
simuitaneously detected. The detected signals are iteratively processed to
gstimate one or more structural or process paramster values. More specifically,
the value of the at least one structural or process parameter associated with the
at least one measurement target is determined based on an iterative regression
of the pupil measurement signals with a pupil measurement model and
regression of the field measurement signals with a field measurement model.
(0012471  Inone embodiment, computing system 130 determines an estimate
of a CD parameter based on spectroscopic BPR signals 135 and determines an
estimate of a film stack parameter (e.g., film thickness) based on field signals
137 in an terative regression analysis.

(001851  Inthis example, a CD measurement model includes a
parameterization of the metrology target in terms of the CD parameter of interest.
in addition, the CD measurement model includes a parameterization of the
measurement tool tself (e.g., wavelengths, angles of incidence, polarization
angles, etc.). Similarly, the film stack measurement model includes a
parameterization of the metrology target in terms of the film stack parameter of
interest (e.g., film thickness). In addition, the film stack measurement model
includes a parameterization of the measurement tool itself. In addition,
simulation approximations (g.¢., slabbing, Rigorous Coupled Wave Analysis
(RCWA), etc.} are carefully performed to avoid introducing excessively large
errors. Discretization and RCWA parameters are defined.

(001861 Machine parameters (Pmacnine) @re parameters used to characterize
the metrology tool itself. Exemplary machine parameters include angle of
incidence (ADI), analyzer angle (AD), polarizer angle (P0), illumination
wavelength, numerical aperture (NA), etc. Specimen parameters (Pspecimen) are
parameters used to characterize the geometric and material properties of the

specimen. For athin film specimen, exemplary specimen parameters include
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refractive index, dieleciric function tensor, nominal layer thickness of all layers,
layer sequence, sic.

[001871 For measurement purposes, the maching parameters of the multi-
target model are tfreated as known, fixed parameters and the specimen
parameters of the measurement model, or a subset of specimen parameters, are
treated as unknown, floating parameters. The floating parameters are resolved
by a fitting process {e.q., regression, library matching, etc.) that produces the
best fit between theoretical predictions and measured data. The unknown
specimen parameters, Psgeamen, e varied and the model output values are
calculated until a set of specimen parameter values are determined that resulis in
a close match batween the model output values and the measured values.
[oc1981 Inan iterative regression analysis, computing system 130 fits
measured pupil signals o the CD measurement model to arrive at an estimated
CD parameter value. The film stack parameters present in the CD measurement
modeil are floated during this regression. Then computing system 130 fits the
measured field signails to the film stack model to arrive at an estimated film stack
parameter value (e.q., film thickness). The CD parameter values present in the
film stack mode! are fixed to the values determined by the previous regression of
pupil signals to the CD measurement model. Subsequently, computing system
130 again fits the measured pupil signals to the CD measurement model to arrive
at an updated estimate of the CD parameter value. At this iteration, the film
stack parameters present in the CD measurement model are fixed to the values
determined by the previous regression of the field signals to the film stack model.
This iteration continues until the parameter estimales reach sufficient accuracy.
(0019971 Inanother further aspect, both field and pupit measurement signals
are simultanecusly detected. The detected signals are processed in a combined
analysis to estimate one or more structural or process parameter values. In
these examples, the measurement mode! is a combined measurement model
that links structural parameters, material parameters, or a combination of
structural and material parameters of the metrology target(s) for both pupil and

field measurements.
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(002007  In ancther further aspect, a spectroscopic BPR system includes a
beam combining element 128 in the measurement path before the objective. An
auto-focus probe beam, a pattern recognition probe beam, or g combination of
both, are combined with the illumination beam before entering the objective.
Similarly, an auto-focus signal beam, a pattern recognition signal beam, or a
combination of both, are extracted from the collection beam after exiting the
cbjective. The beam combining element 128 is fixed in location with respect {0
the measurement path, thus increasing reliability and accuracy. Since both the
measurement beam and the auto-focus beam probe the sample simulianeously,
system 500 is able to acquire measurement data while the auto-focus system is
continuously engaging in focus measurement. This improves the signal quality
and reduces focus time.

(002011 FIG. 5 illusirates a system 500 for measuring characieristics of a
specimen in accordance with the exemplary methods presented herain. Like
numbered elements are analogous to those described with reference {o system
100 depicted in FIG. 1.

(002021 As described herein, the illumination and collection beams in front of
the objective are narrow line shaped beams. This allows an auto-focus probe
beam 146, a pattern-recognition probe beam 147, or bath, to be combined with
the measurement beams before entering the high NA objective.

(002037 An auto focus subsystem 141 generates an auto-focus probe beam
146 that is directed through beam splitter 129 and optical combining element 128
to objective 111, Light collected by objective 111 in response to auto-focus
probe beam 146 is returned to auto focus subsystem 141 through the same path.
Based on the received signals, auto focus subsystem 141 generates auto-focus
signals 138 which are communicated to computing system 130. In one example,
computing system 130 causes the focal position of specimen 112 to be changed
based on auto-focus signals 138

(0020471  Similarly, a pattern recognition subsystem 142 generates a pattern
recognition probe beam 147 that is directed through beam splitter 129 and optical
combining element 128 to objective 111. Light collected by objective 111 in
response to pattern recognition probe beam 147 is returned to auto focus
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subsystem 142 through the same path. Based on the received signals, pattern
recognition subsystem 142 generates pattern recognition signals 139 (2.q.,
images) which are communicated to computing system 130, In one example,
computing system 130 causes the position of specimen 112 based on the patiemn
recognition signais 138, In this manner, the pattern recognition signals 139 are
used o navigate over the surface of specimen 112

(002051 As depicted in FIG. 5, system 500 includes an optical combining
element 128 in the common path in front of objective 111

(0020671 In some embodiments, optical combining element 128 is a narrow
fold mirror having a narrow line shaped air gap. The narrow fold mirror can be
made by coplanar alignment of two or four individual mirror cells. Alternatively,
one or two slots are cut on a single glass substrate before coating with a
reflective layer. FIGS. 7A-7C depict a half fold mirror 150 as the optical
combining element 128. FIG. 7A depicts a beam profile 151 having a circular
profile. Such a profile is representative of an auto-focus beam, a patterm
recognition beam, or both. As depicted in FIG. 7A, a significant portion of beam
profile 151 is reflected by half fold mirror 150, FIG. 7B depicts a narrow line
beam profile 152 that is representative of an illumination beam profile, collection
beam profile, or both. As depicted in FIG. 78, all of the narrow beam profile 152
passes through the air gap in the half fold mirror 150. FIG. 7C depicts the
combination of the narrow line beam profile 152 and the circular beam profile 151
interacting with nalf fold mirror 150.

[00207] FIGS. 7D-7F depict a four-cell fold mirror 155 as the optical
combining element 128. FiG. 7D depicts a beam profile 156 having a circular
profile. As depicted in FIG. 7D, a significant portion of beam profile 156 is
reflected by four-cell mirror 155, FiG. 7E depicts a narrow line beam profile 157
that is representative of an illumination beam profile, collection beam profile, or
both. As depicted in FIG. 7E, all of the narrow beam profile 157 passes through
the air gap in four-cell fold mirror 155. FIG. 7F depicts the combination of the
narrow line beam profile 157 and the circular beam profile 156 interacting with

four-cell fold mirror 155.
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(0020871  In some other embodiments, optical element 128 is a flat narrow
mirror. FIGS. 8A-8C depict a narrow line shaped mirror 160 as the optical
combining element 128. FIG. 8A depicts a beam profile 161 having a circular
profile. Such a profile is representative of an auto-focus beam, a pattern
recognition beam, or both. As depicted in FIG. 8A, a significant portion of beam
profile 161 passes through narrow, line shaped mirror 160, FIG. 8B depicts a
narrow line beam profile 162 that is representative of an illumination beam
profile, collection beam profile, or both. As depicted in FIG. 8B, ali of the narrow
beam profile 162 is reflected by narrow, line shaped mirror 160. FIG. 8C depicts
the combination of the narrow line beam profile 162 and the circular beam profile
161 interacting with narrow, line shaped mirror 160,

(002091 FIGS. 8D-8F depict a narrow cross shaped mirror 165 as the optical
combining element 128. FIG. 8D depicts a beam profile 166 having & circular
profile. Such a profile is representative of an auto-focus beam, a pattern
recognition beam, or both. As depicted in FIG. 8D, a significant portion of beam
profile 166 passes through narrow, cross shaped mirror 165, FIG. 8E depicts a
narrow line beam profile 167 that is representative of an iliumination beam
profile, collection beam profile, or both. As depicted in FIG. 8E, ali of the narrow
beam profile 167 is reflected by narrow, cross shaped mirror 165, FIG. 8F
depicts the combination of the narrow line beam profile 167 and the circular
beam profile 166 interacting with narrow, cross shaped mirror 165,

[002101 As depicted in FIG. 5, system 500 includes an optical combining
element 128 in the common path in front of objective 111 such that the
measurement beam passes through optical combining element 128. Such a
configuration is suitable for the narrow fold mirror designs described with
reference to FIGS. 7A-7F. The narrow mirror designs described with reference
to FIGS. 8A-8F may also be implemented as part of system 500 if objective 111
were reoriented such that the auto-focus and pattern recognition beams pass
directly through beam combining element 128 and the measurement beams are
turned by beam combining element 128.

(002111 Inanother aspect, a hyperspeciral detector is employed to detect the
spectral component of a spectroscopic beam profile metrology system.
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[00212]  FIG. 6 Hlustrates a system 600 for measuring characteristics of a
specimen in accordance with the exemplary methods presented herein. Like
numbered elements are analogous to those described with reference to system
100 depicted in FIG. 1.

(002131  System 600 includes a hyperspectral detector 144 as the pupil
detecior. Detector 144 is configured to measure wavelength components by
penetration depth {vertical detector), index of refraction, or another wavelength
dependent property of the detecior. In some embodiments, a CMOS
hyperspectral detector 144 measures azimuth and AO! in two dimensions {(e.q.,
across the face of the detector) and resolves wavelength information in a third
dimension orthogonal to the two planar dimensions {e.g., depth into the detector).
in some other embodiments, each “pixel” on the face of the hyperspectral
detector is & spectrometer including a small grating structure that spreads the
incorming light onto a number of different light sensitive elements. In general, a
hyperspectral detector can be used as an aliernative to the use of a wavelength
dispersive element and detector as described with reference to FIGS. 1-5, or a
hyperspeciral detecior can be used to complement these systems.

[00214] FIG. 22 illustrates a method 700 suitable for implementation by a
metrology system such as metrology systems 100, 200, 300, 400, and 500
Hiustrated in FIGS. 1-5, respectively. In one aspect, it is recognized that data
processing blocks of method 700 may be carried out via a pre-programmed
algorithm executed by one or more processors of computing system 130, or any
other general purpose computing system. H is recognized herain that the
particular structural aspects of any of the aforementioned metrology systems do
not represent limitations and should be interpreted as illustrative only.

(0021571 Inbiock 701, a beam of illumination light having multiple wavelengths
is provided, for example, by ilumination source 101, The beam intensity cross-
section is two dimensional.

(002167 Inbiock 702, the beam of illumination light is reshaped, for exampile,
by beam shaping element 107, such that the reshaped beam of illumination light
has a beam intensity cross-section that is approximately one dimensional and is
characterized by a length dimension.
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(002171  Inbiock 703, an overlay metrology target on a surface of a specimen
is illuminated with the reshaped beam of illumination light over a range of angles
of incidence. The length dimension of the reshaped beam of llumination light is
projected onto the overlay metrology target in a first direction that is paralle! with
a direction of extent of a grating structure of the overlay metrology target.
(002181  In biock 704, light from the overlay metrology target is collected, for
example, by objactive 111, in response 1o the illumination of the overlay
metrology target over a range of angles of incidence.

(002191 Inbiock 705, the collected light is detected according {0 angle of
incidence along a first dimension of a two dimensional detector and detected
according to wavelength along a second dimension of the two dimensional
detector.

(002207 |t should be recognized that the various sieps described throughout
the present disclosure may be carried out by a single computer system 130 or,
alternatively, a multiple computer system 130, Moreover, different subsystems of
the speciroscopic beam profile metrology systems described herein may include
a computer system suitable for carrying out at least a portion of the steps
described herein. Therefore, the aforementioned description should not be
interpreted as a limitation on the present invention but merely an illustration.
Further, the one or more computing systems 130 may be configured to perform
any other step(s) of any of the method embodiments described herain.

(002211 In addition, the computer system 130 may be communicatively
coupled to the detectors of the speclroscopic baam profile metrology systems
described herein in any manner known in the art. For example, the one or more
computing systems 130 may be coupled {o computing systems associated with
the detectors of system 100, In ancther example, the deteciors may be
controlied directly by a single computer system coupled to computer system 130
(002227 The computer system 130 of the metrology system 100 may be
configured fo receive and/or acquire data or information from the subsystems of
the system {(e.g., detector 118, and the like) by a transmission medium that may

include wireline and/or wireless portions. In this manner, the transmission
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medium may serve as a data link between the computer system 130 and other
subsystems of the system 100,

(002231 Computer system 130 of system 100 may be configured to receive
and/or acquire data or information {e.g., measurement results, modeling inputs,
maodeling results, etc.) from other systems by a transmission meadium that may
include wireline and/or wireless portions. In this manner, the fransmission
medium may serve as a data link between the computer system 130 and cther
systems (e.g., memory on-board metrology system 100, external memory, or
other external systems). For example, the computing system 130 may be
configurad {o receive measurement data from g storage medium (i.e., memory
132 or an external memory) via a data link. For instance, spectral measurement
resuits obtained using detector 118 may be stored in a permanent or semi-
permanent memecry device {e.g., memory 132 or an exiernal memory). In this
regard, the spectral resuits may be imported from on-board memory or from an
external memory system. Moreover, the computer system 130 may send data to
other systems via a transmission medium. For instance, a parameter valug 140
determined by computer system 130 may be communicated and stored in an
external memory. In this regard, measurement results may be exported to
ancther system.

(002241  Computing system 130 may include, but is not limited 10, a personal
computer system, mainframe computer system, workstation, image computer,
parallel processor, or any other device known in the art. In general, the term
‘computing system” may be broadly defined o encompass any device having
one of more processors, which execute instructions from a memory medium,
[002251  Program instructions 134 implementing methods such as those
described herein may be transmitted over a transmission medium such as a wire,
cable, or wireless transmission link. For example, as illustrated in FiG. 1,
program instructions 134 stored in memory 132 are transmitted to processor 131
over bus 133. Program instructions 134 are stored in a computer readable
medium {(e.q., memory 132). Exemplary computer-readable media include read-
only memory, a random access memaory, a magnetic or optical disk, or a
magnetic tape.
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(0022671  Ingeneral detection of higher order diffracted light does not have o
be in the pupil plane; wafer plane measurements could also be implemented.
(002271 In afurther aspect, measurement data from multiple targets is
collected for measurements. In some examples, the use of measurement data
associated with muitiple targets eliminates, or significantly reduces, the effect of
under layers in the measurement result. In one example, measurement signais
from two targets are sublracted to eliminate, or significantly reduce, the effect of
under layers in each measurement resuit. The use of measurement data
associated with multiple targets increases the sample and process information
embedded in the model.

(0022871  Inanother further aspect, measurement data from both measurement
targets and assist targets that may be found on-device or within scribe lines is
collected for measurements.

(0022971 In some examples, the measurement methods describad herein are
implemented as an element of a SpectraShape® optical critical-dimension
metrology system available from KLA-Tencor Corporation, Milpitas, California,
USA.

(0023071 In some other examples, the measurement methods described
herein are implemented off-line, for example, by a computing system
implementing AcuShape® software available from KLA-Tencor Corporation,
Milpitas, California, USA.

(002311 Ingeneral, the methods and systems for performing semiconductor
metrology presented herein may be applied directly to actual device structures or
to dedicated metrology targets {e.g., proxy structures) located in-die or within
scribe lines.

(002321 Invyet ancther aspect, the measurement resulis described herein can
be used to provide aclive feedback to a process tool (2.g., lithograghy tool, etch
tool, deposition tool, etc.). For example, values of the structural or process
parameters determined using the methods described herein can be
communicated {o a lithography tool to adjust the lithography system {0 achieve a
desired output {e.g., focus and dosage). In a similar way etch parameters (e.g.,
gtch time, diffusivity, etc.) or deposition parameters (2.g., time, concantration,

50
SUBSTITUTE SHEET (RULE 26)



WO 2017/053581 PCT/US2016/053136

etc.) may be included in a measurement model to provide active feedback fo etch
tools or deposition tools, respectively.

(002331 As described herein, the term “wavelength dispersive glement”
includes any dispersive element that separates incoming light according to
wavelength in any manner, whether linear or non-linear.  Under this definition,
commonly termed “energy dispersive” elements are included as wavelength
dispersive elements for purposes of this patent document.

(002341 As described herein, the term “critical dimension” includes any critical
dimension of a structure (e.g., bottom critical dimension, middie critical
dimension, top critical dimension, sidewall angle, grating height, etc.}, a critical
dimension between any two or more structures (e.q., distance between two
structures), and a displacement between two or more structures (e.q., overlay
displacement between overlaying grating structures, etc.). Structures may
include three dimensional structures, pattermned structures, overlay structures,
efc.

(0023571 As described herein, the term “critical dimension application” or
“critical dimension measurement application” includes any critical dimension
measurement.

(0023671 As described herein, the term “metrology system” includes any
system employed at least in part {o characterize a specimen in any aspect,
including measurement applications such as critical dimension metrology,
overlay metrology, focus/dosage metrology, and composition metrology.
However, such terms of art do not limit the scope of the term "metrology system”
as described herein. In addition, the meirology system 100 may be configured
for measurement of pattermed wafers and/or unpatterned wafers. The metrology
system may be configured as a LED inspection tool, edge inspection tool,
backside inspection tool, macro-inspection tool, or multi-mode inspeaction (ool
{(involving data from one or more platforms simultaneously), and any other
metrology or inspection tool that benefits from the calibration of system
parameters based on critical dimension data.

(002371 Various embodiments are described herein for a semiconductor
processing system (e.g., an inspection system or a lithography system) that may
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be used for processing a specimen. The ferm "specimen’ is used herein {o refer
to a wafer, a reticle, or any other sample that may be processed (e.q., printed or
inspected for defects) by means known in the art.

(002387 As used herein, the term "wafer” generally refers {0 substrates
formed of a semiconductor or non-semiconductor material. Examples include,
but are not imited to, monocrystaliine silicon, gallium arsenide, and indium
phosphide. Such substrates may be commonly found and/or processed in
semiconductor fabrication facilities. In some cases, a wafer may include only the
substrate (i.e., bare wafer). Alternatively, a wafer may include one or more
layers of different materials formed upon a substrate. One or more layers formed
on a wafer may be "patterned” or "unpatterned.” For example, a wafer may
include a plurality of dies having repeatable pattern feafures.

(002391 A 'reficie” may be a reticle at any stage of a reticle fabrication
process, or a completed reticle that may or may not be released foruse ina
semiconductor fabrication facility. A reticle, or a "mask.” is generslly defined as a
substantially transparent substrate having substantially opadgue regions formed
thereon and configured in a pattern. The substrate may include, for example, a
glass material such as amorphous Si0,. A reticle may be disposed above a
resist-covered wafer during an exposure step of a lithography process such that
the pattern on the reticle may be transferred to the resist.

(002401 One or more layers formed on a wafer may be patterned or
unpatterned. For example, a wafer may include a plurality of dies, each having
repeatable pattern features. Formation and procassing of such layers of material
may ultimately result in completed devices. Many different types of devices may
be formed on a wafer, and the term wafer as used herein s intended 1o
encompass a wafer on which any type of device known in the art is being
fabricated.

(002417 Inone or more exemplary embodiments, the functions described may
be implemented in hardware, software, firmware, or any combination thereof. If
implemented in software, the functions may be stored on or transmitted over as
one or more instructions or code on a computer-readable medium. Computer-

readable media includes both computer storage meadia and communication
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media including any medium that facilitates transfer of a computer program from
one place to another. A storage media may be any available media that can be
accessed by a general purpose or special purpose computer. By way of
example, and not limitation, such computer-readable media can comprise RAM,
ROM, EEPROM, CD-ROM or other optical disk storage, magnetic disk storage or
cther magnetic storage devices, or any other medium that can be used to carry
or store desired program code means in the form of instructions or data
structures and that can be accessed by a general-purpose or special-purpose
computer, or a general-purpose or special-purpose processor. Also, any
connection is properly termed a computer-readable medium. For example, f the
software is transmitted from a website, server, or other remote source using a
coaxial cable, fiber optic cable, twisted pair, digital subscriber line (DSL), or
wireless technologies such as infrared, radic, and microwave, then the coaxial
cable, fiber optic cable, twisted pair, DSL, or wireless technologies such as
infrared, radio, and microwave are inciuded in the definition of medium. Disk and
disc, as used herein, includes compact disc (CD), laser disc, optical disc, digital
versatile disc (DVD), floppy disk and blu-ray disc where disks usually reproduce
data magneticaily, while discs reproduce data optically with lasers. Combinations
of the above should also be included within the scope of computerreadable
media.

(002427 Although certain specific embodiments are described above for
instructional purposes, the teachings of this patent document have general
applicability and are not imited to the specific embodiments described above.
Accordingly, various modifications, adaptations, and combinations of various
features of the described embodiments can be practiced without departing from

the scope of the invention as set forth in the claims.
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CLAIMS

What is claimed is:

1. A metrology system comprising:

a multiple wavelength illumination source configured {o provide a beam of
Hlumination light having multiple wavelengths and a two-dimensional beam
intensity cross-section;

a beam shaping element configured {o reshape the beam of illumination
light such that the reshaped beam of illumination light has a beam intensity
cross-section that is approximately one dimensional and is characterized by a
length dimension.

a high numerical aperture {NA) objective configured to receive the
reshaped beam of illumination light and lluminate an overlay metrology target
with the reshaped beam of illumination light over a range of anglas of incidence
such that the length dimension of the reshaped beam of llumination light is
projected onto the overlay metrology target in a first direction that is parallel with
a direction of extent of a grating structure of the overlay metrology targst, the
high NA objective further configured to collect light from the overlay metrology
target in response to the illumination; and

a first two dimensional detector configured to detect the collected light
according to angle of incidence along a first dimension of the first two
dimensional detector and according to wavelength along a second dimension of

the first two dimensional detector.

2. The metrology system of Claim 1, wherein the first two dimensional
detector is further configurad to generate a measurement signal indicative of the
light detected at each pixel of the first two dimensional detector, wherain the
measurement signal is associated with a measurement of the overlay metrology

target at a unigue wavelength and angle of incidence.

3. The metrology system of Claim 2, further comprising:

a computing system configured (o
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receive the measurement signals indicative of the light detected at
each pixel,
determine a vaiue of at least one overlay parameter associated with
the overlay metrology target based on the measurement signals; and

store the value of the at least one overiay parameter in a memory.

4.  The metrology systemn of Claim 1, further comprising:

a first wavelength dispersive element configured to receive the collected
light, transmit the collected light according o angle of incidence, and disperse the
received collected light according to wavelength across the first two dimensional

detector.

5. The metrology system of Claim 1, wherein the collected light includes

first order diffracted light, zero order diffracted light, or a combination thereof,

6.  The metrology system of Claim 1, wherein the collected light includes
first order diffracted light projected onto a first area of the first two dimensional
detector and zero order diffracted light projected onto a second area of the first

two dimensional detector that is separate from the first area.

7. The metrology system of Claim 3, wherein the determining of the
value of the at least one overlay parameter associated with the overlay metrology
target is based on an terative regression of the measurement signals with an

overlay measurement modsl.

8. The metrology system of Claim 3, wherein the delermining of the
value of the at least one overiay parameter associated with the overlay metrology
target is based on the measurement signais and a trained signal response

metrology model.

9. The metrology system of Claim 1, further comprising:
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a second two dimensional detector configured to detect a portion of
collected light according to angle of incidence along a first dimension of the
second two dimensional detector and detect the the portion of collected light
according to wavelength along a second dimension of the second two
dimensional detector, wherein a wavelength sensitivity of the first two
dimensional detector is different from a wavelength sensitivity of the second two

dimensional detector.

10, The metrology system of Claim 1, further comprising:

a polarizer element located in g path of the beam of Hllumination light.

11. The metrology system of Claim 10, further comprising:
an analyzer element located in a path of the collected hight; and
at least one compensator element located in the path of the beam of

Hiumination light, the path of the coliected light, or both.

12. The metrology system of Claim 1, wherein the beam shaping element
is rotatable such that the reshaped beam of illumination light is projected onto a
second overlay metrology target in a second direction that is perpedicular to the
first direction, and wherein the second direction is parallel with a direction of

exient of a grating structure of the secand overlay metrology target.

13. The metrology system of Claim 1, further comprising:
an apodizer element located in the ilumination path between the multiple
wavelength illumination source and the overlay metrology target 1o reduce

measurement spot size.

14. The metrology system of Claim 1, further comprising:
one or more wavelength filtering elements selectably located in the
Humination path between the mulliple wavelength illumination source and the

overlay metrology target, one or more wavelength fillering elements selectably
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located in the collection path between the overlay metrology target and the first

two dimensional detector, or a combination thereof.

15, A spectroscopic beam profile metrology system comprising:

a broadband illumination source configured to provide a beam of
Humination light having multiple wavelengths;

a beam shaping element configured {o reshape the beam of illumination
light such that the reshaped beam of illumination light has a beam intensity
cross-section that is approximately one dimensional and is characterized by a
length dimension.

a high numerical aperture {NA) objective configured to receive the
reshaped beam of illumination light and lluminate an overlay metrology target
with the reshaped beam of illumination light over a range of anglas of incidence
such that the length dimension of the reshaped beam of llumination light is
projected onto the overlay metrology target in a first direction that is parallel with
a direction of extent of a grating structure of the overlay metrology targst, the
high NA objective further configured to collect light from the overlay metrology
target in response to the illumination; and

a two dimensional detector configured to detect the collected light
according to angle of incidence along a first dimension of the two dimensional
detector and according to wavelength along a second dimension of the two
dimensional detector, wherein the collected light includes first order diffracted
light detected over a first area of the two dimensional detector and zero order
diffracted light detected over a second area of the two dimensional detector that

is separate from the first area.

16. The spectroscopic beam profile metrology system of Claim 15,
further comprising:
a wavelength dispersive element configured to recaive the zero diffracted

light, transmit the zero diffracted light according {0 angle of incidence, and
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disperse the received zero diffracted light according to wavelength along the

second dimension of the two dimensional detector.

17. A method comprising:

providing a beam of ilumination light having multiple wavelengths and a
beam intensity cross-section that is two dimensicnal,

reshaping the beam of ilumination light such that the reshaped beam of
Humination light has a beam intensity cross-section that is approximately one
dimensional and is characterized by a length dimension;

iluminating an overlay metrology target on a surface of a spacimen with
the reshaped beam of dlumination light over a range of angles of incidence such
that the length dimension of the reshaped beam of illumination light is projected
onto the overlay metrology target in & first direction that is parallel with a direction
of extent of a grating structure of the overlay metrology target;

collecting lignt from the measurement site in response to the illlumination
of the overlay metrology target;

detecting the collected light according o angle of incidence along a first
dimension of a two dimensional detector and detecting the collected light
according to wavelength along a second dimension of the two dimensional

detector.

18. The method of Claim 17, further comprising:

generating a measurement signal indicative of the light detected at each
pixel of the two dimensional detector, wherein the measurement signal is
associated with a measurement of the overlay metrology target al a unigue

wavelength and angle of incidence,

19. The method of Claim 18, further comprising:

receiving the measurement signals indicative of the light detected at each
pixel;

determining a value of at least one overlay parameter associated with the
overlay metrology target based on the measurement signals; and
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storing the value of the at least one overlay parameter in a memory.

20. The method of Claim 16, wherein the collected light inciudes first
order diffracted light projected onto a first area of the two dimensional detector
and zero order diffracted light projected onto a second area of the two

dimensional detector that is separate from the first area.
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700

PROVIDE A BEAM OF ILLUMINATION LIGHT HAVING MULTIPLE
7044  WAVELENGTHS AND A BEAM INTENSITY CROSS-SECTION THAT 18 TWO
DIMENSIONAL

X

RESHAPE THE BEAM OF ILLUMINATION LIGHT SUCH THAT THE RESHAPED
BEAM OF [LLUMINATION LIGHT HAS A BEAM INTENSITY CROSS-SECTION
702~ THAT IS APPROXIMATELY ONE DIMENSIONAL AND IS CHARACTERIZED BY A

LENGTH DIMENSION

kA

LLUMINATE AN OVERLAY METROLOGY TARGET ON A SURFACE OF A
SPECIMEN WITH THE RESHAPED BEAM OF ILLUMINATION LIGHT OVER A
RANGE OF ANGLES OF INCIDENCE SUCH THAT THE LENGTH DIMENSION OF
703 ~.4 THE RESHAPED BEAM OF ILLUMINATION LIGHT IS PRCJECTED ONTO THE
OVERLAY METROLOGY TARGET IN A FIRST DIRECTION THAT IS PARALLEL
WITH A DIRECTION OF EXTENT OF A GRATING STRUCTURE OF THE
OVERLAY METROLOGY TARGET

Y

COLLECT LIGHT FROM THE OVERLAY METROLOGY TARGET IN RESPONSE

704 =~ TO THE ILLUMINATION OF THE OVERLAY METROLOGY TARGET

\:4

DETECT THE COLLECTED LIGHT ACCORDING TO ANGLE OF INCIDENCE
ALONG A FIRST DIMENSION OF A TWO DIMENSIONAL DETECTCOR AND
705 ™4 DETECT THE COLLECTED LIGHT ACCORDING TO WAVELENGTH ALONG A

SECOND DIMENSION OF THE TWO DIMENSIONAL DETECTOR
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