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ABSTRACT

Rapidly decreasing critical dimensions (CD) for smmductor devices drive the study of improved rodthfor the
detection of defects within patterned areas. Aduced CDs are being achieved through directiondiepang,
additional constraints and opportunities preseainelves in defect metrology. This simulation arperimental study
assesses potential improvements in patterned defgaction that may be achieved by engineerindigihe incident to
the sample within a high-magnification imaging fdatin. Simulation variables include the incidengken polarization,
and wavelength for defect types common to diredtiaievice layouts. Detectability is determinedtigh differential
images between no-defect- and defect-containinggésa Alternative metrologies such as interferemg@oscopy are
also investigated through modeling. The measuréwfesm sub-20 nm defects is demonstrated experiignising 193
nm light. The complex interplay of unidirectionatterning and highly directional defects is exptbusing structured
off-axis illumination and polarization.

Keywords. Defect detection, Scatterfield optical microscofiymination optimization, bright-field microscopyark-
field microscopy

1. INTRODUCTION

Challenges facing the practical, continued progoessf Moore’s Law are in part due to defect meigyl requirements
of high-volume manufacturing at ever-decreasingcaii dimensions (CD). An ever-present requiremfentdefect

metrology is to be able to identify the presenca defect with dimensions on the scale of or lbas the CD. Another
ongoing goal has been the identification of defegthin patterned devices that feature dense, fighinplex shapes in
two dimensions on the wafer with periodicity greatean the wavelength of the inspection tool. Hxtension of

193 nm immersion lithography techniques using higfitectional reticles and dipole illumination haltered the design
characteristics of devices. These designs havéupeal another challenge for defect metrology, tlemtification of

defects within patterned devices that feature demseys of line segments oriented along a singlefepred direction
where the line segment pitch is near to the optiealelength.

Our group has previously reported [1] simulationstioe detectability of certain defect types asracfion of incident
angle for the 65nm and 32 nm node SEMATECH InterdicDefect Arrays (IDA). The defect-free pattewfsthe
32 nm node IDA is much more unidirectional than phevious 65 nm version. Within these 32 nm IDAyéds, defects
were identified as having either a low directiotyabr a high directionality. Low directionality fiets such as islands
showed little increase in detectability as the agiml angle was changed frogn= 0 ° (light parallel to the preferred
direction) to@ = 90 ° (light perpendicular to the preferred dii@me.) However, a highly directional bridge defect
spanning two lines was much more detectable ugghg parallel to the primary features but perpeuldicto the bridge.

The goal of this present work is to investigate rilles of wavelength, angle, and polarization fwo key defect types
found on unidirectional layouts, line-to-line anddeto-end defects, using electromagnetic scattecaigulations and
experimental measurements. In Section 2, keyldathour particular optical microscopy techniguelled scatterfield
microscopy, are reviewed to establish the modetingstraints and experimental capabilities. Theouar three-

dimensional electromagnetic simulation models adewed in Section 3. These simulation results sivewn in

Section 4, with simulated defects observed by swhitrg images calculated with and without a defieesent. Section 5
outlines a possible alternative microscopy methad defect detection, interference microscopy. Eperimental

section, Section 6, features images from intentidetect arrays collected on the NIST 193 nm micope.
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2. SCATTERFIELD OPTICAL MICROSCOPY

Scatterfield optical microscopy (SOM) is in essalhfi the implementation of scatterometry on a higagnification
platform. Full details on the Scatterfield techrécand associated approaches for performing illatiin optimization
have been published elsewhere.[2][3] As a bridfoouction, SOM permits angle-resolved scanninghwwita
microscope by utilizing the properties of Kéhlduihination, outlined schematically in Fig. 1. Oo&n control the
angle of incidence at the object focal plane byimaating the light entering the back focal plarie¢te condenser lens.
In a microscope, this object focal plane is thearplane while the condenser is its objective le@sntrol of the angle
of incidence at the sample is achieved in our nsicopes by relaying out and magnifying this plangiétd a conjugate
to the back focal plane (CBFP) where aperture(s)bsaused to permit a limited range of angles tw@ed through the
illumination path. In the schematic below, threéngs in the source plane (A, B, and C) are focus®d the back focal
plane. If at the back focal plane, or its conjegdight from points A and B is blocked while lightom point C is
allowed to pass, then the resulting illuminatiorofsaxis at a definable angle. Mapping of CBFRrpre position to
the resultant angle of incidence is performed ealiaration step for angle-resolved imaging.
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Figure 1. Schematic for a Kohler illuminatior. U¢hthe general use of Kohler illumination is tturhinate a
sample homogeneously even if the source is inhomeages, Kohler also permits illumination engineerisgch
as off-axis illumination, within scatterfield micscopes.

Furthermore, the light from each point source [gane wave at the sample. In the simulations fiblkdw, a single
plane wave with a linear polarization illuminaté® tsample at a single angle of incidence and Isatefl off these
modeled targets. Quantitative comparison with grpental results requires a full accounting of fimite aperture(s)
used for illumination through the simulation of eeal well-chosen plane waves about a mean anglaee tD the
computationally intensive nature of these simutetjcas described below, such comparison lies befendcope of this
paper. The simulation results will however illade trends to be observed in the experimentaltsethadt follow.

3. 3-DSIMULATIONSUSING OPTIMIZED ILLUMINATION

The modeling of scattering from defect targets mexguthe use of three-dimensional electromagnéticilators. Two
general methods are used in the present workirthie-flifference time-domain (FDTD) method [4] aadinite element
method (FEM) [5] Maxwell's equations solver. Conroial software packages were used for both modeéle an
in-house FDTD code has been developed to providenahmark for the commercial packages and to peogigater
insight into the modeling physics of these thraeatisional codes.

Whether using FEM or FDTD, the result of a simwaatis an aerial image of the defect target. Asilllbenination
wavelength is much larger than the critical dimensj individual features are said to be unresobg&deen in Fig. 2a
and 2b, though it can be seen that a pattern snagkample is repeated 3x vertically and 4x horialbntwithin the
image. The difference between Figs. 2a and 2hasdne defect has been placed in one of the twelpeats of this
pattern in Fig. 2b. Fig. 2c is the absolute vabfiehe differential image of the previous two imagelotted with a
different intensity scale for clarity. The scaittgreffects of this defect extend beyond the patiemvhich it was placed,
which necessitated the addition of a buffer layenan-defect containing cells around it. Care musttaken when
defining the size of the simulation domain, as HBBTD and FEM assume periodic boundary conditionsth these
conditions, as the simulation domain size is desgdathere is a greater likelihood for resonandb@foptical signal of
the defect due to its periodicity, thus artificyetimplifying the defect detectability.



These differential images are manipulated to yiekldefect detectability. To facilitate the anaysf several defects,
angles, polarizationsgtc. at once, it is useful to introduce a figure-of-ihgFOM). For example, the resultant
differential image in Fig. 2c. can be reduced QM by performing the mean of all pixels in the gea
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Figure 2. Results subtracted for die-to-defect canspns. Interference among the periodic defectsdaced by
introducing a “buffer layer” of no-defect unit celas these simulations assume periodic boundargitmors.
This example was simulated using a 32 nm SEMATE@Ehtional defect array structure for= 193 nm light.

Targets similar to those used in this defect srdyshown schematically in Fig. 3a. The uniaxiedaionality of these
patterned arrays leads to two specific types ofusiin defects: line-to-line and end-to-end. Thedséects are
themselves highly directional and will be simulateging a variety of incident angles. Specificallith engineered
illumination the incident angles are combinatiohpaar and azimuthal angles as illustrated in Blg.

a) line-to-line end-to-end

Figure 3. a) Schematic of defect types simulatdd.these underlying structures have a strong xgctdonality,
azimuthal angles betweep~ 0° (along the lines) ang= 90° (across the lines) are simulated. Thesed®&fects
are highly directional. Simulations were perfornfeda variety of CD values. Panel a) includesgpbies from
Ref. [6].

4. COMPARISONSUSING DIE-TO-DEFECT METROLOGY

In this section, the effects of incident angle gpaation, and wavelength for these two defectdyge explored. While
the interactions among defect type, incident anghe] polarization are complex, the effect of wawgth is more
straightforward. FDTD simulations of both the ltweline and end-to-end structures above were ped for
A=193 nm andl = 450 nm using both TE and TM polarizations. &uwe CD was varied from 22 nm to 40 nm.
While defect detectability varied with polarizati@md angle at = 193 nm, the differential images calculated for
A =450 nm showed almost no variation or modulatioa to the presence of a defect. Therefore, rallisitions below
were performed fod = 193 nm.

Simulations were performed at 43 points in the egafe back focal plane for a comprehensive overviewom these
CBFP locations, the resultant incident polar angéegyed from €= 0° to €= 80° while the incident azimuthal angle
ranged fromp= 0 ° tog= 90 °. These simulations were performed for id-to-end and line-to-line defects, and the
mean intensities of the image were taken as the FEbkults are shown in Figs. 4 and 5 on the faligwpage.
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Figure 4. Defect detectability for an end-to-enéedeas a function of polarization and incidentlangrhe mean
intensity of difference images is used as the &egpfrmerit (FOM). High azimuthal angles with p ackation are
best for detection here. Results are from FEM Kitians on a 40 nm CD structure illuminatediat193 nm.
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Figure 5. Defect detectability for a line-to-linefdct as a function of polarization and incidenglanThe mean
intensity of difference images is used as the égnfrmerit (FOM). High azimuthal angles with s a@ation are
best for detection here. This best polarizationrihogonal to that above, just as the defectsoategonal in
direction to each other. Results are from FEM $ations on a 40 nm CD structure illuminatediat193 nm.



Figure 4 shows two polar plots of the detectivigufe-of-merit for the end-to-end defect as simedatising FEM on a
40 nm CD structure. On the left is the plot fduntination using p-polarization, at right, s-potation. For the
p-polarization, the lighter regions (indicatingader FOM) correlate to simulations using high agimal (@> 75 °)

angles. The FOM values appear to be less on awénatpe s polarization graph. For the line-teeloefect results in
Fig. 5, the polarization results are reversed —etlie strong defect detectability for s-polariZéght using high

azimuthal while p-polarization is less effectivesger FOM) and somewhat preferential to low azialwhgles.

These polarization results can be compared favwpriabkrends reported by Meshulaaht,al. [7] for simulations of
similar defect types using > 266 nm with normal incidence illumination and fikeollection numerical apertureise(
fixed angles). They derived from first principldgt sub-wavelength structures exhibit form birgfgnce, impacting
the scattering which can be enhanced with polaozatontrol. Specifically, they simulated thatdio-line defects
were enhanced using polarization perpendiculathto dominant line direction while line cut defectse(incursion
equivalent of an end-to-end excursion) showed tagheattering for polarization that was parallethe dominant line
direction. [9] Our results indicate that the preéd combination of angle and polarization foreaal-to-end defect is
high-azimuthal angle p polarization, which is pewieular to the primary direction of both the liaed the defect.
Likewise, s-polarization at high azimuthal angles the line-to-line defect translates to a polartwa parallel to the
lines and perpendicular to the defect.

5. INTERFERENCE MICROSCOPY FOR DEFECT METROLOGY

In addition to varying polarization and angle féfferent defect types we investigated another aptising modeling for
improved defect detectability. Figure 6 below sbawschematic of one possible interference micpesconfiguration
for defect detection. The design features a rafereplane which reflects the light passing throagheamsplitter.
Meanwhile, light on the illumination path enterg thbjective and is reflected from the sample. hit beamsplitter the
two reflected beams are directed toward a chargeted device (CCD) camera, where the two beammtedered and
the subsequent intensity measured. This interferean be repeated for known non-defect targetaadefect target,
allowing again for the computation of a differehtraage.

reference
plane
objective @
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Figure 6. Schematic of an interference microscopeduor this simulation study. If a second objextwere
placed before the reference plane, the result woeldhe well-known Linnik-type interference micrope.
Reflection from a second objective was not use@ berassess whether detectability could be improvidtbut
the added cost and complication of a second olgdesigned foA = 193 nm.

Movements of the reference plane produce a phagesfble from 0° to 360°. The contrast between diefect and the
underlying structure changes with phase angleerfimtence microscopy simulations were conductedguie FEM

model for 22 nm, 30 nm, and 40 nm CD structures laotth end-to-end and line-to-line defects. Onergla for a

22nm end-to-end defect is shown in Fig. 7. The Faid been adjusted by dividing by the total nunafguixels. The

dashed line, constant as a function of phase angfgesents the FOM of the difference image withitvet use of
interference microscopy. The large dots repredentifference image FOM values for various phasges. A spline
fit, the dotted line, connects these points.

In this example, there are regions of the phasdeafoy which the use of interference microscopydeirs defect

detectability. At 120 ° phase angle, the FOM igsatowest and the defect disappears from thedifice image shown
in Fig. 7. At 300 ° phase angle, the defect istnapparent. The FOM increases by a factor of B, the defect signal
in the difference image of the defect is more gafgtermined.
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Figure 7. Defect detectability figure-of-merit asunction of phase angle, with difference imagéeft) The
FOM calculated without interference microscopyhie tlashed, flat line. The FOM from interferenceroscopy
difference images is shown as the large dots htfrigDifference images illustrate the worst andthmses using
interference compared to using standard microscogtods. Simulations were performed using FEM.

6. DEFECT DETECTION EXPERIMENTS

Two intentional defect array (IDA) wafers were maasl. In Fig. 8 below, the SEMATECH 65 nm MetalBA is
used to show the effects of limiting the incidealgp angle upon defect detectability.

The NIST 193 nm Microscope [8] is a reflection mgrope with an ArF eximer laser as its source. e@aite is
broken using a rotating diffuser at the source @lahthe Koéhler layout. The microscope featurd2anm diameter
CBFP and a catadioptric objective lens which linttits numerical aperture range from an inner vafu¢/= 0.11 to an
outer value of NA = 0.74. This range correspormds possible polar angular rangeésf 6 ° to 47 °.

The illumination numerical aperture (INA) and thtiee polar angle range were adjusted by centeriregtaes of
various sizes in the CBFP. In Fig. 8, experimedifiérence images are shown for annular illumioagi ranging from a
maximum e angle of 47 ° to a minimum of 22 INAge = 0.74 to 0.37) while not affecting the inner INAimiting
the polar angular range appears to sharpen anebiseithe signal from a known defect inside thdecot each image.
The defect size was determined using scanningrefeaticroscopy (SEM) to have a critical dimensiéri®d nm.
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Figure 8. Normalized, absolute value differentiabges of a 17 nm-sized defect on the SEMATECH 86 n
Metal-1 Intentional Defect Array wafer. Sample wiisminated with unpolarized = 193 nm light, with the
illumination numerical aperture (INA) varied amottgese measurements. lllumination polar angle mrge
a)6°to 47 ° b)6°to33° )6 °to25° aldé °to 22°. Defect is shown within the cirelad is more
detectable as the angular range is decreased ctBéfe was determined by SEM measurement.



Given a sufficient collection numerical apertureN@&), high INA annular illumination leads to enhanuents in

resolution and visibility as higher order diffradtéght is produced upon reflection. However,stwhen lower INA

values are used that this defect appears shaipés. possible that the catadioptric objective lodhe higher order
diffracted beam either near normal incidence (CN@te 0.11 is blocked) or at higher angles (CNA.Z0and above is
inaccessible.) It is more likely that the broadene shape yields a lower contrast as multiple tespatial frequency
beams contribute to the background distributiotheimage, producing a blurring effect. As thedeat cone of light
is reduced in INA, the higher order diffracted beameeded for defect detection are captured bylfexiive lens.

A second IDA wafer was measured featuring nomirah@lues of 30 nm. lllumination was engineeredgs dipole
or a polarizer. Figure 9 shows the unresolved asagf structures similar to those shown in Fig. Bae number beside
each defect target indicates the nominal sizeefiifect contained within. The defect is centevitdin each target.

a)
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Figure 9. Images of targets in an intentional deferay as measured At= 193 nm. The sample is illuminated
with unpolarized light in Panels a), b), and c)hwitarious structured illumination: a) Full-fielduimination, b)
Dipole illumination parallel to the lines, c) Dimolllumination perpendicular to lines. Panel dsvilluminated
using full-field illumination and linearly polaride(¢ = 45 ° with respect to lines) light.

Fig. 9a shows nominal line-to-line defects 38 nnb@nm as illuminated by unpolarized, full fieltbihination. This
measurement serves as a benchmark against whidortpare the effects on detectability of engineerthg
illumination. A black dot at the center of theget, from the defect, is obscured by the targetsrior structure. As the
data in Figs. 5 and 6 indicated strong sensititatazimuthal angle, a dipole with INA = 0.58 to#.(@= 36 ° to 47 °)
and azimuthal angular widitig = + 45 ° was placed in the CBFP. For Fig. 9b, dhientation of the dipole was such
that the light illuminated the targets parallethe lines ¢ = -45 ° to 45 °) while for Fig. 9c, the orientatiof the dipole
was rotated and centered abgut 90 ° (= 45 ° to 135 °) illuminating perpendicular to tirges. The dipole was then
removed and a polarizer / analyzer combination wserted in the illumination and collection pathespectively. For
the illumination path, the linear polarizer was aetan angle o = 45 ° relative to the azimuthal with the collecti
polarizer similarly positioned in angle.

The defect is visible in both Figs. 9b) and 10hg image and normalized difference image, respagtifrom using
dipole illumination along the direction of the lisegment array. However the defect is not deteaseny light that is
perpendicular to the lines as shown in Figs. 9@ &6c). Experimentally, with unpolarized light seeline-to-line
defects are best detected using an illuminatioheaacross the defect and along the lines.

The sensitivity of the reflected image to polaii@at specifically linear polarization g = 45 °, does not follow from
the simulations presented. Inspecting Fig. 6, deggpresented for s polarization and p polarigatibor s polarization,
the preferred azimuthal angle ¢gs&= 0° and for p polarizationp= 90°. Both indicate that the best linear poktion
should be perpendicular to the defect and paralltie lines. This discrepancy is the subjectasftinued study.
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Figure 10. Normalized difference images betweereasfin Fig. 9 and non-defects targets. Threshgldias

been applied to accentuate the defects. The kbsttdbility is found in d) full-fieldp = 45 ° linear polarization,
followed by b) unpolarized dipole parallel to linesd a) unpolarized full-field. The defects ao¢ visible in c)

unpolarized dipole perpendicular to the lines.

7. SUMMARY

Scatterfield microscopy enables signal-based aeddaddie defect analysis of features with sub-wength dimensions
by engineering the illumination and analysis of thire scattered field. Simulations were perfatnusing three-
dimensional electromagnetic simulation packagesidening several parameters, such as the illun@natiavelength,
polarization, and angle of incidence. Angle andaprpation resolved enhancements of the defectitbatys were

demonstrated in simulation. Consideration of tbkzation, defect type, and incident angle areied when seeking
the optimum illumination for a specific defect,ras one set of parameters will optimize all defexjaally. Interference
microscopy was shown to enhance detectability énnttodeling. Experimental measurement of a subr2@efect was
enhanced through polar angular manipulation. Dab#iy improvement via a change in azimuthal awghs shown.
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