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(57) ABSTRACT 

Light from a single Source is divided among Several illumi 
nation arms, each of which directs light via a multimode 
fiber bundle from the Source to the wafer location. The arms 
are arranged circumferentially around a common illumina 
tion region, So that the region is illuminated from Several 
directions. For each arm, light exiting the fiberbundle enters 
a turning prism, reflects off the hypotenuse of the prism, and 
is diverged in one dimension by a negative cylindrical 
Surface on the exiting face of the prism. The beam then 
reflects off an anamorphic mirror and propagates to the 
illumination region on the wafer. The beam has an asym 
metric footprint, So that it illuminates a nearly circular 
region of the wafer when viewed at normal incidence. The 
fiber bundle is at the front focal plane in the meridional 
dimension. The illumination region is at the rear focal plane 
in both dimensions. 
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Fiber bundle Negative Reflector Target (to be 
Size: 2H cylinder illuminated) 
Radiates CD2x 

symmetrically CD1x CD2y Size in X: 2F COS 
into angle NA day = 0 Size in y: 2F 
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Radius inx, Rx mm) 
Radius in y, Rymm 

Thickness before surface, timm) 
Thickness after surface, t'mm) 

Refractive index before surface, n 
Refractive index after surface, n' 

Powerinx, phixmm-1) 
Poweriny, phiymm-1) 

Neqative Total 

1375371 -17.7724 
#DIVIO -131,666 
0.474 8.665827-65.8328 

8.665827 -65.8328 1 
1 1855847 1 

-0.62227 0.112534 
O 0.01519 

1855847 
0.097101 
0.01519 Numerical aperture of fiber bundle, NA 

Half-angle of X-COne incident on target deg) 
Half-height of fiberbundle, Hmm. 

Half-height of illumination at target, F (mm) 
Tilt of target from normal incidence, deg 

Cosine of target tilt angle, Cos 
Center of fiber bundle, Center of target 

Ray height in X, y(mm) 
Ray angle before surface in X, Uradians 
Ray angle after surface inx, u'radians 

Ray heightiny, y (mm) 
Ray angle before surface iny, u(radians) 
Ray angle after surface in yu'radians 

Center of fiberbundle, hedge of target 
Ray height in x, y mm) 

Ray angle before surface in X, uradians 
Ray angle after surface inx, u'radians 

Ray heightiny, y(mm) 
Ray angle before surface iny, u(radians 
Ray angle after surface in yu'radians 
+Edge of fiber bundle, -edge of target 

Ray height in x, y (mm) 
Ray angle before surface inx, uradians) 
Ray angle after surface in X, u'(radians) 

Ray heightiny, y (mm) 
Ray angle before surface iny, u(radians 
Ray angle after surface in yu'radians 

88 
O 0.0387.97 1564345 1564345 
1519 0.081849 0.176042 2.78E-17 
O818490.176042 2.78E-17 

0.038797 1355136 10 
0.1519 0.081849 0.1519 -0.13132 
0.081849 0.1519 -0.13132 

0. 
0. 

0.449643 0.410846 1309977 - 156434 
-0.1519 -0.08185 0.103756 0.043661 
-0.08185 0.103756 0.043661 
0.449643 0.410846 -0.90049 -10 
-0.1519 -0.08.185 - 0.1519 0.138146 
- 0.08185 -0.1519 0.138146 

+Edge of fiberbundle, center of target 
Ray height in X, y (mm) 

Ray angle before surface inx, u(radians 
Ray angle after surface in X, u'radians 

Ray heightiny, y(mm) 
Ray angle before surface iny, u(radians 
Ray angle after surface in yu'radians 

+Edge of fiber bundle, +edge of target 
Ray height in x, y (mm) 

Ray angle before surface inx, u(radians) 
Ray angle after surface in X, u'(radians 

Ray heightiny, ymm) 
Ray angle before surface in y, u(radians 
Ray angle after surface in yu'radians 

Fig. 10 

0.449643 0449643 2.874321 -5.3E-15 
O O 0.279798 0.043661 
O O 0.279798 0.043661 

0.449643 0.449643 0.449643 0 
O O 0 0.00683 
O O 0.00683 

Ray 4 

Ray 2 

0.449643 0.48844. 4438666 1.564345 
-0.1519 0.081849 0.45584 0.043661 
0.081849 0.45584 0.043661 
0.449643 0.48844 1804779 10 
0.1519 0.081849 0.1519 -0.12449 

0.081849 0.1519 -0.12449 
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ILLUMINATOR FOR DARK FIELD INSPECTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001) This application claims the benefit of U.S. Provi 
sional Patent Application No. 60/587,206, filed Jul. 12, 
2004, which is hereby incorporated by reference in its 
entirety. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of the Invention 
0003. The present invention relates to inspection of mate 
rials, and more particular to illuminators for dark-field 
inspection of material, inspection Systems for dark-field 
inspection of material, and methods for illuminating a target 
for dark-field inspection. 
0004 2. Description of the Related Art 
0005. As more manufacturing processes use wafer-based 
technology, and utilize increasingly Smaller features on 
these wafers, it becomes increasingly important to inspect 
the wafers for defects at various Stages throughout the 
manufacturing process. Wafer inspection Systems have 
evolved to keep pace with these demanding requirements. 
0006. In a typical wafer inspection system, a wafer is 
attached to a movable Stage that translates the wafer under 
neath an inspection camera. The camera acquires an image 
of a portion of the wafer and processes it using known image 
processing techniques. Any defects in the field of view are 
either marked on the wafer by the inspection System, or 
noted in a data file, So that the defect may be corrected or 
avoided during Subsequent manufacturing Steps. The trans 
lation Stage then moves the wafer to the next location, and 
the proceSS is repeated until the entire usable area of the 
wafer is inspected. This inspection process improves yields 
and efficiency by identifying or removing defective material 
as early as possible in the manufacturing proceSS. 
0007 One class of inspection system especially Suited for 
the inspection of bare, flat, or featureleSS waferS is known as 
“dark-field”. In a dark-field inspection system, the illumi 
nation takes place at angles of incidence that are not specu 
larly reflected into the imaging optics. If there are no 
three-dimensional features or defects in the field of view on 
the wafer, the illumination beam undergoes a specular 
reflection, and is not captured by the imaging optics. In other 
words, in a dark-field System, a defect-free wafer appears 
dark to the imaging camera. A Small particle, Say 5 microns 
in size, reflects or Scatters Some light in various directions, 
including a fraction that enters the imaging camera. There 
fore, a Small particle or defect shows up as a bright Spot in 
the field of view of a dark-field system. A dark field system 
may also be used for wafers with features on them. 
0008. The illumination for a dark-field system greatly 
affects the Overall performance of the inspection System. For 
instance, a "ring-lamp' device, Similar to those used to 
illuminate dark-field microScopes, does not work very well 
for the dark-field wafer inspection Systems. They typically 
have neither uniform illumination over the field nor a 
uniform angular Spectrum over the field. As a result, the 
Sensitivity of the inspection System can vary over the field of 
view, which is highly undesirable. This variation in sensi 
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tivity can require additional processing time for each image, 
thereby slowing down the System and reducing efficiency. 

BRIEF SUMMARY OF THE INVENTION 

0009 Advantageously, the present invention provides for 
a dark-field illumination System that is compact, or illumi 
nates a large illumination region on the target, or provides 
uniform illumination and a uniform angular spectrum acroSS 
an illumination region on the target, or has a low range of 
incident angles and a broad circumferential azimuth for an 
illumination region on the target, or is bright throughout an 
illumination region on the target. The various embodiments 
of the invention respectively achieve one or more of these 
advantages. 

0010. One embodiment of the present invention is an 
illuminator for dark field inspection of a Surface of a target, 
the illuminator comprising a plurality of illumination arms 
disposed about an illumination region, and each of the arms 
comprising: an extended, Substantially uniform Source of 
diverging light; a turning element having a first face opti 
cally coupled to the light Source, and a Second face having 
cylindrical optical power in a meridional direction; and an 
anamorphic element having a first optical power in an 
azimuthal direction and a Second optical power in the 
meridional direction, the first and Second optical powers 
being unequal, and the anamorphic element being optically 
coupled to the Second face of the turning element. 

0011) Another embodiment of the present invention is an 
illuminator for dark field inspection of a Surface of a target, 
the illuminator comprising a plurality of illumination arms 
disposed about a Substantially circular illumination region 
Substantially at the target Surface, and each of the arms 
comprising: an extended, Substantially uniform Source of 
diverging light; a coupling element having an incident face 
optically coupled to the light Source, and an exiting face with 
negative cylindrical optical power in an meridional direc 
tion; and an anamorphic element having a first optical power 
in an azimuthal direction and a Second optical power in the 
meridional direction, the first and Second optical powers 
being unequal, and the anamorphic element being optically 
coupled to the exiting face of the coupling element, wherein 
each of the arms has an azimuthal front focal plane, an 
azimuthal rear focal plane, a meridional front focal plane, 
and a meridional rear focal plane; and wherein for each of 
the arms: the azimuthal front focal plane and the meridional 
front focal plane are not coincident; the light Source is 
located Substantially at the meridional front focal plane; the 
meridional rear focal plane and the azimuthal rear focal 
plane are Substantially coincident; the illumination region 
has a center located Substantially at the meridional rear focal 
plane and at the azimuthal rear focal plane, and the light 
Source, turning element, and anamorphic element are 
arranged to illuminate the illumination region at a non-zero 
angle, or range of angles, of incidence relative to a normal 
of the illumination region to achieve Specular reflection from 
the target Surface under defect-free conditions. 
0012 Another embodiment of the present invention is an 
illuminator for dark field inspection of a Surface of a target, 
the illuminator comprising a plurality of illumination arms 
disposed about an illumination region Substantially at the 
target Surface, and each of the arms comprising: an 
extended, Substantially uniform Source of diverging light; 



US 2006/0012778A1 

and an assembly of optical elements for producing from the 
diverging light an illuminating beam directed to the illumi 
nation region, the illuminating beam having a nominal 
incident angle, an incident angle range, and an azimuthal 
angle range, wherein both the nominal incident angle and 
incident angle range are essentially invariant throughout the 
illumination region; wherein the azimuthal angle range is 
essentially invariant throughout the illumination region; and 
wherein light intensity throughout the illumination region is 
essentially invariant. 
0013 Another embodiment of the present invention is an 
illuminator for dark field inspection of a Surface of a target, 
the illuminator comprising a plurality of illumination arms 
disposed about a Substantially circular illumination region 
Substantially at the target Surface, and each of the arms 
comprising: means for establishing an azimuthal rear focal 
plane, means for establishing a meridional rear focal plane, 
the meridional rear focal plane and the azimuthal rear focal 
plane being Substantially coincident; means for establishing 
an azimuthal front focal plane, means for establishing a 
meridional front focal plane Separated from the azimuthal 
front focal plane, means for locating a center of the illumi 
nation region Substantially at the meridional rear focal plane 
and at the azimuthal rear focal plane, means for introducing 
light having extended, Substantially uniform, and diverging 
characteristics Substantially at the meridional front focal 
plane, and means for forming a beam from the light intro 
duced at the meridional front focal plane, the beam being 
incident on the illumination region at a non-zero angle of 
incidence relative to a normal of the illumination region to 
achieve Specular reflection from the target Surface under 
defect-free conditions. 

0.014) Another embodiment of the present invention is a 
method for illuminating an illumination region on a Surface 
of a target from a plurality of different directions with 
respective optical Systems to perform a dark field inspection 
of the target Surface, comprising for each of the optical 
Systems: establishing an azimuthal rear focal plane, estab 
lishing a meridional rear focal plane, the meridional rear 
focal plane and the azimuthal rear focal plane being Sub 
Stantially coincident; establishing an azimuthal front focal 
plane, establishing a meridional front focal plane Separated 
from the azimuthal front focal plane, establishing the illu 
mination region as a Substantially circular region with a 
center Substantially at the meridional rear focal plane and at 
the azimuthal rear focal plane; introducing light having 
extended, Substantially uniform, and diverging characteris 
tics Substantially at the meridional front focal plane; and 
forming a beam from the light introduced at the meridional 
front focal plane, the beam being incident on the illumina 
tion region at a non-Zero angle of incidence relative to a 
normal of the illumination region to achieve Specular reflec 
tion from the target Surface under defect-free conditions. 
0.015. Another embodiment of the present invention is A 
wafer inspection System comprising: a fiber optic dark-field 
illuminator comprising: a Source of Spectrally filtered, Spa 
tially uniform, extended and diverging light; and a plurality 
of illumination arms optically coupled to the light Source 
and circumferentially disposed about a Substantially circular 
illumination region; and a camera disposed at normal or 
near-normal incidence with respect to the illumination 
region, the illumination region being within a field of view 
of the camera, and the camera comprising a collection lens 
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having a numerical aperture that defines a maximum col 
lection angle of light for the collection lens, wherein each of 
the illumination arms comprises: a turning element having 
an incident face optically coupled to the light Source, and an 
exiting face with negative cylindrical optical power in a 
meridional direction; and an anamorphic mirror having a 
first optical power in an azimuthal direction and a Second 
optical power in the meridional direction, the first and 
Second optical powers being unequal, and the anamorphic 
mirror being optically coupled to the exiting face of the 
turning prism; wherein each of the illumination arms has an 
azimuthal front focal plane, an azimuthal rear focal plane, a 
meridional front focal plane, and a meridional rear focal 
plane; and wherein for each of the arms: the azimuthal front 
focal plane and the meridional front focal plane are not 
coincident; the light Source coupling is located Substantially 
at the meridional front focal plane; the meridional rear focal 
plane and the azimuthal rear focal plane are Substantially 
coincident; the illumination region has a center located 
Substantially at the meridional rear focal plane and at the 
azimuthal rear focal plane, and the light Source coupling, 
turning element, and anamorphic mirror are arranged to 
illuminate the illumination region at an angle of incidence 
relative to a normal of the illumination region that is greater 
than the maximum collection angle. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

0016 FIG. 1 is a perspective drawing of a wafer inspec 
tion System. 

0017 FIG. 2 is a plan drawing of an illumination system. 

0018 FIG. 3 is a top view drawing of the illumination 
arms, the illumination region and the wafer. 
0019 FIG. 4 is a plan drawing of a turning prism with a 
cylindrical element and an anamorphic reflector. 

0020 FIG. 5 is a plan drawing of a turning prism with a 
cylindrical element, an anamorphic reflector, the illumina 
tion region and the wafer. 

0021 FIG. 6 is a perspective drawing of an illumination 
arm, the illumination region and the wafer. 

0022 FIG. 7 is a side-view drawing of an illumination 
arm, the illumination region and the wafer. 
0023 FIG. 8 is a perspective drawing of a cone of light 
received by a particular location in the illumination region of 
the wafer under test. 

0024 FIG. 9 is a schematic drawing of a paraxial rep 
resentation of the optical System of an illumination arm. 

0025 FIG. 10 is a spreadsheet showing a numerical 
paraxial raytrace of the system of FIG. 8. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0026. The present invention is directed to illuminators for 
dark-field inspection Systems, which are commonly used in 
Systems that Visually inspect waferS for defects during a 
particular manufacturing process. An example of a wafer 
inspection system is shown in FIG. 1. 
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0027. A typical wafer inspection system 10 is used in one 
environment to inspect whole wafers before die have been 
fabricated on them, but may also be used to inspect patterned 
whole wafers, die diced from patterned wafers, Sawn wafers, 
broken wafers, wafers of any kind on film frames, die in gel 
paks, die in waffle paks, MCMs, JEDEC trays, Auer boats, 
and other wafer and die configurations, whether or not 
packaged. Hereafter, all of these uses shall be referred to 
generally as inspection of wafers. System 10 includes a 
wafer test plate 12, an actuator 14 that moves the wafer to 
the test plate 12, a wafer alignment device 16 for aligning 
each and every wafer at the Same X, y, and angular location 
or x, y, Z, and angular location, a focusing mechanism 18, a 
camera 20 or other visual inspection device for visual 
inputting of good waferS during training and for Visual 
inspection of other unknown quality wafers during inspec 
tion, a user console 22 for inputting parameters and other 
constraints or information Such as Sensitivity parameters, 
geometries, die size, die shape, die pitch, number of rows, 
number of columns, etc., a display 24 for displaying the 
View being Seen by the camera presently or at any previously 
Saved period, a computer System 26 or other computer-like 
device having processing and memory capabilities for Sav 
ing the inputted good die, developing a model therefrom, 
and comparing or analyzing other die in comparison to the 
model, a frame 30, a hood 32, a control panel 34, a system 
parameters display 36, objective 38, and a fiber optic dark 
field illuminator 40. 

0028 Generally, a dark field illuminator may have one or 
more illumination arms, each having a light Source. In one 
embodiment, the dark field illuminator has a Single light 
generating element, the output of which may be spectrally 
filtered, collected, made Spatially uniform, and/or divided 
among one or more illumination arms. Alternatively, each 
illumination arm may be provided with its own light gen 
erating element, the output of which may be spectrally 
filtered, collected, and made spatially uniform. In those 
embodiments where multiple illumination arms are provided 
as illustrated in FIG. 2, each illumination arm emits light 
from a particular position around the circumference of an 
illumination region to illuminate the illumination region, 
with enough spatial clearance for a turret of lenses for an 
inspection camera and various other mechanical elements. 
Note that while five illumination arms are illustrated, it is to 
be understood that more or fewer arms may be provided. 
Generally, the illumination arms may be located in any 
desired manner with respect to the illumination region, 
provided that the illumination is delivered at a fairly high 
angle of incidence relative to the Surface normal from each 
illumination arm to illuminate the illumination region So that 
a Specular reflection from the wafer is not normally collected 
by the imaging optics. In this manner, a no-defect condition 
appears as darkneSS in the Visual field, hence the name “dark 
field'. The numerical condition for dark field illumination is 
as follows: if the collection (or imaging) optics have a 
characteristic numerical aperture NA, which defines the 
maximum angle at which light can enter the collection 
optics, then the dark field illumination System should Supply 
light at an effective numerical aperture larger than NA, So 
that it does not enter the collection optics for a specular 
reflection. 

0029 Note that in general, a dark field system need not 
be constrained to the condition in which the collection optics 
are oriented at near-normal incidence and the illumination 
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optics are at a higher angle of incidence, located “outside' 
the field of the collection optics. For instance, the locations 
of the illumination and collection Systems may be reversed, 
with the illumination system surrounded by the collection 
System. Or, particular angles or orientation may be physi 
cally blocked in the pupil of the lens. For the purposes of this 
document, the collection optics are oriented at near-normal 
incidence, and the illumination optics are oriented at near 
grazing incidence, well outside the numerical aperture of the 
collection optics. 
0030. For an optimal signal-to-noise ratio, it is desirable 
to maximize the gap between the maximum collection angle 
and the minimum illumination angle. For instance, if the 
collection optics have a numerical aperture of 0.8, then they 
collect all the light in the field of view having a propagation 
angle less than 53. If the illumination System Supplies light 
at an incident angle of 81+2.5, then the minimum illumi 
nation angle is 78.5, and the angular separation between the 
illumination and the collection bands is 25.5. This rela 
tively large angle improves the Signal-to-noise ratio for 
detecting Small objects or particles in the field of view. 
0031. Note that for the purposes of this document, the 
illumination region is defined as the area to be illuminated 
when the system is operational. It will be understood that 
even when the System is not operational or the light Source 
is between pulses, the illumination region Still exists, even 
though it is not receiving light from the Source. 
0032) Aschematic drawing of the illuminator 40 is shown 
in a disassembled state in FIG. 2. Light is produced for the 
illumination System by a light Source, which is one embodi 
ment, a strobe lamp 42. The strobe lamp 42 is activated to 
illuminate the illumination region for a short period of time 
each time a picture is taken by the camera (FIG. 1, element 
20). Use of such a strobe lamp 42 is effective at reducing the 
blur that might occur if a continuously operating light Source 
were used with a wafer that was subject to movements from 
the translation Stage. In one embodiment, the lamp contains 
a fairly broad Spectrum of wavelengths, but may be adapted 
to output a more narrow spectrum of wavelengths where So 
desired. 

0033. Upon leaving the strobe lamp 42, the beam passes 
through a wavelength-sensitive filter 41, which blocks 
wavelengths in the range of about 280 nm to 400 nm, and 
passes wavelengths longer than about 400 nm. This wave 
length range is merely exemplary, and any Suitable filter may 
be used. Alternatively, the filter may be omitted. 
0034. The wavelength-filtered beam then enters a con 
denser lens 45, which may be spherical or aspheric, and may 
be coated with an antireflection thin film coating. The 
condenser lens 45 directs the beam into a mixing bar 43, 
which is effectively a long, Skinny, transparent parallelepi 
ped. Light enters one of the longitudinal ends of the mixing 
bar 43 and bounces through total internal reflection until it 
leaves the mixing bar 43 at the other longitudinal end. The 
output from the mixing bar 43 is essentially uniform in 
intensity, and also essentially uniform in angular spectrum 
within a particular numerical aperture. 

0035. The combination of the condenser lens 45 and the 
mixing bar 43 may be referred to as the head 44. 
0036) The output from the mixing bar 43 is coupled into 
multiple fiber bundles 48, where each fiber bundle 48 directs 
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a beam with its own set of optics onto the illumination 
region. In Some embodiments, the illumination region 
defines all or a portion of wafer of the type used in the 
manufacture of Semiconductor and micro-electromechanical 
devices. The fibers used in the bundle are in Some embodi 
ments multi-mode fibers that efficiently couple in light 
within a particular numerical aperture. To get efficient cou 
pling from the mixing bar 43 to the fiber bundles 48, the 
numerical aperture of the fiber bundles 48 may be matched 
to the numerical aperture of the beam exiting the mixing bar 
43. The fibers are arranged in a bundle, which may be round 
or Some other convenient shape, and may have different 
shapes or arrangements at each end. 
0037. The fiber bundles 48 direct the light toward a wafer 
or other object within the illumination region, and are 
arranged to encircle the camera and direct light toward the 
illumination region at a large angle of incidence. The illu 
mination optics are designed to allow for a large clearance 
So that the camera and other mechanical elements have 
enough room to operate or be adjusted. 
0.038 Each fiber bundle 48 is coupled to a right-angle 
prism 52, which turns a beam exiting the bundle 90 after a 
reflection off the prism hypotenuse. The exiting face of the 
prism has a negative cylindrical Surface, which diverges the 
beam in the X-direction and leaves the beam largely 
unchanged in the y-direction. Such a prism is Straightfor 
ward to manufacture, and is typically made first as a 
45/45/90 prism, upon which the cylindrical surface is then 
ground and polished. Alternatively, a cylindrical lens may be 
attached to the exiting prism face, So that the cylindrical 
Surface does not have to be manufactured directly on the 
prism. The 90° angle as shown is preferred, so that the entire 
optical path can fit inside a fairly Small Volume in the 
machine. Although a 90° turning prism is shown, any other 
Suitable turning angle may be used. Likewise, any other 
Suitable prism may be used, with any number of internal 
bounces, including no bounces. Alternatively, the turning 
prism may be replaced by an element that does not turn the 
beam at all, but merely has a cylindrical optical power. For 
instance, a cylindrical lens may be attached to the fiber 
bundle without a prism at all. 
0.039 The beam then reflects off an anamorphic mirror 
54, which has different powers in the X- and y-directions. 
Additionally, the anamorphic mirror 54 may have aspheric 
terms along one or both of the directions, to correct for 
aberrations and improve the wavefront quality of the beam. 
The anamorphic mirror may be used at non-normal inci 
dence, So that the incident and exiting beams do not interfere 
with or block each other. Alternatively, an anamorphic lens 
may be used instead of an anamorphic mirror, in which case 
the anamorphic lens may be used on-axis and may have 
aspheric terms along one or both of the directions to correct 
for aberrations. 

0040. The combination of the prism 52 and the mirror 54 
may be considered to be part of an illumination arm 46 or an 
a. 

0041 After reflecting off the mirror 54, the beam strikes 
the illumination region at a fairly high angle of incidence. 
The shape of the beam leaving the mirror 54 is elliptical, so 
that the illuminated illumination region is essentially round 
when viewed from a camera at or near normal incidence. 

0042 FIG.3 shows the illumination region 50 of a wafer 
56 from the point of view of the camera, at near-normal 
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incidence. The illumination arms 46A-E are arranged 
around the circumference of the illumination region 50, 
which essentially corresponds to the illumination region. 
Note that because the illumination region 50 is smaller than 
the wafer 56; in order to inspect the entire wafer surface, the 
wafer 56 may be scanned with respect to the illumination 
region 50. The wafer may be placed on a computer-con 
trolled translation Stage that can automatically Scan the 
entire wafer 56, while the inspection System acquires, Stores 
and process the acquired images. Alternatively, the wafer 
may remain fixed and the illumination and acquisition optics 
translated. 

0043 FIG. 4 and FIG. 5 show close-up views of the 
optics of the illumination arm 46, with exemplary rays 
shown throughout. Light exits the fiber bundle (not shown) 
and enters the entrance face 51 of the prism 52. The exiting 
face of the fiber bundle may be treated as an extended 
Source, emitting rays into a cone of uniform size and 
direction, regardless of location in the bundle. This may be 
seen visually in FIG. 4 by careful examination of the ray 
bundles in close proximity to entrance face 51. The light 
then reflects off the hypotenuse 53 of the prism, and propa 
gates toward the exiting face 55 of the prism 52. The exiting 
face 55 has a cylindrical element 57 with negative power 
that diverges the beam in only one direction; in the other 
direction, the beam continues to propagate with the diver 
gence determined by the fiber bundle numerical aperture. 
After leaving the prism 52, the beam reflects off an anamor 
phic reflector 54, which has different power in the X- and 
y-directions. The beam then Strikes the illumination region 
50 of the wafer 56 at a fairly high angle of incidence. 

0044 FIG. 6 shows a perspective view of the illumina 
tion system 40, with only one schematically rendered illu 
mination arm 46 shown. The illumination region 50 on the 
wafer 56 is generally circular, as Seen from the Surface 
normal 65. The same geometry of FIG. 6 is shown in a side 
view in FIG. 7. The angle of incidence 64 can be quite large. 
004.5 FIG. 8 shows a portion of the optical system along 
with Some constructs that are useful for defining the relevant 
geometry of the illumination System. The wafer under test 
61 has an illumination region 62, which is approximately 
circular when Viewed from roughly normal incidence. Nor 
mal incidence means that the observer or camera is located 
apart from the wafer 61 and has a viewing angle roughly 
parallel to a surface normal 65. The illumination region 62 
receives light from each of the illuminating arms, which may 
be located circumferentially around the illumination region 
62. Any number of illuminating arms 46 may be used, 
including up to five or more. 

0046) A light cone 63 is shown converging to a particular 
location in the illumination region 62. This cone 63 does not 
represent the full extent of the illuminating beam, but 
represents all the light arriving at a particular location from 
one illuminating arm. The cone 63 arrives with a particular 
angle of incidence 64, which can be Substantial. In a 
dark-field illuminator, the illumination is at a high enough 
incident angle So that a specular reflection, which occurs on 
a flat portion of the wafer 61, reflects at a Suitably high angle 
of reflection and is not collected by the camera. In general, 
the higher the angle of incidence for the illumination, the 
better. For a System in which the collection optics have a 
numerical aperture of 0.8, the minimum angle of incidence 
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for the dark field illumination is sin (0.8), or about 53°. 
Preferably, the angle of incidence is even higher than that, 
and may be as high as 81, or higher. 
0047 The incident cone 63 has a particular plane of 
incidence, defined by dotted line 68 and surface normal 65. 
Strictly Speaking, each ray in the cone has its own plane of 
incidence, but for the purposes of this document, the plane 
of incidence for the entire cone 63 is defined as the plane of 
incidence for the central ray in the cone 63. 
0.048. The cone 63 is generally asymmetric, and has an 
elliptical angular profile that may be defined by an incident 
angular range 66 and an azimuthal angular range 67, which 
is also referred to as a circumferential angle range. For all 
the rays in the cone 63, the true angle of incidence at the 
wafer 61 is in the range of incident angle 64-half the 
incident angular range 66. Note that the azimuthal angular 
components do not affect the angle of incidence at the wafer 
61. In general, it is desirable to minimize the incident 
angular range 66, So that the illumination is more uniform. 
In discussions below, the meridional direction, which con 
tains the incident angular range, is referred to as the "X- 
direction, while the azimuthal angular range extends along 
the “y”-direction. 
0049. Note that each location in the illumination region 
62 has its own cone of incident rays, and that the cone 63 is 
drawn in FIG. 8 for only one particular location. It is 
important to note that the cone 63 has essentially the same 
size for all locations within the field of view, meaning that 
the incident angle range 66 and azimuthal angle range 67 are 
essentially invariant across the field of view. In other words, 
the angular Spectrum is uniform acroSS the field. This is a 
highly desirable feature, and helps ensure that the Sensitivity 
of the device is independent of the location within the field 
of view. 

0050. It is instructive to attach some numerical values to 
these angular ranges, which are obtained from the paraxial 
raytrace discussed below. These values are exemplary, and 
are presented to clarify the meaning of Some of the quantities 
of FG 9. 

0051. In the x-direction, both the nominal angle of inci 
dence 64 and the incident angle range 66 are truly invariant 
acroSS the entire field of View, or, equivalently, the entire 
illumination region 50. For every point inside the illumina 
tion region, the nominal angle of incidence 64 is 81. 
Likewise, for every point inside the illumination region, the 
full incident angle range is 5. In other words, for every 
point inside the illumination region 50, the light arrives with 
an incident angle in the range of 81-2.5. 
0.052 In the y-direction, the azimuthal angle range 67 is 
invariant acroSS the field, but the nominal azimuthal angle 
does vary with location. At the center of the illumination 
region 50, the light arrives with an azimuthal angle in the 
range of 0+0.4. At one edge of the field, the light arrives 
at 7.5-0.4, and at the other edge, it arrives at -7.5+0.4. 
The azimuthal angle range 67 is therefore 0.8 for all points 
in the illumination region 50. 
0053. The angular spectrum may be considered a com 
bination of the incident angle range 66 and the azimuthal 
angle range 67. From the above discussion, in which we 
showed that both of these quantities are invariant for all 
point in the illumination region 50, we may also say that the 
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angular spectrum is invariant in the illumination region 50. 
In addition, the nominal incident angle 64 is invariant acroSS 
the field. 

0054) The cone 63 drawn in FIG. 8 represents the output 
of one illumination arm, for one particular inspection point 
in the illumination region 62. The full output beam from an 
illumination arm is a collection of cones 63, with one for 
each location in the illumination region 62. The output beam 
is produced by an illumination arm described below, where 
the complete illumination System has multiple illumination 
arms, all lighting the same region 62 of the wafer 61, but 
from different azimuthal directions. Much of the following 
description applies to a single illumination arm, although it 
may apply to any or all the arms in the complete System. 

0055. The elements from the fiber bundle to the wafer, or 
target, are of Special interest to us, in that the layout of these 
elements is non-trivial. In order to address the Specifics of 
these elements, we use a paraxial raytrace. FIG. 9 shows a 
Schematic of an optical System that is used for paraxial 
raytracing. From the raytrace, the required powers in X and 
y of the negative cylinder and the reflector are determined. 

0056. The multimode fiber bundle, shown at the leftmost 
edge of FIG. 9, radiates effectively uniformly into a rota 
tionally Symmetric cone with a characteristic numerical 
aperture NA. For the preferred fiber bundle, NA is roughly 
0.1519. If the fiberbundle were to radiate into air, the radiant 
cone would have a half-angle equal to sin NA. Because the 
fiber is coupled to the prism, so that the light leaving the 
fiber enters the prism, the radiant cone inside the prism has 
a half-angle equal to sin (NA/nas), where nas is the 
refractive index of the prism. A high-index glass may be 
used for the prism, such as LaSFN9, which has a refractive 
index ns of 1.8558 at the design wavelength of 550 nm. 
Alternatively, other Suitable glasses may be used, Such as 
BK7 or other well-known glasses. Note that the required size 
of the fiber bundle is as yet undetermined. 
0057 The beam exiting the fiber bundle enters the glass 
prism, which first bends the beam by 90 degrees, then 
diverges the beam in the X-dimension by passing it through 
a cylindrical Surface on the exiting face of the prism. The 
prism has a refractive index nas, Such as, for example, 
1.8558. The beam propagates an on-axis distance denoted by 
tas, which includes the paths both before and after reflec 
tion from the hypotenuse of the prism. In order to satisfy the 
Space requirement of the illumination System, a Small prism 
is used, Such as, for example, having a nominal Square 
dimension of about 0.5 mm. Because of the cylindrical 
element on the exiting face of the prism, which extends into 
the exiting face, the actual on-axis distance traveled by the 
beam inside the prism is less than 0.5 mm. The preferred 
thickness t is about 0.474 mm, although other Suitable 
values may be used for different-dimensioned prisms. 
0058. The cylindrical surface on the exiting face of the 
prism has a Surface power d, the corresponding power 
component along y, dy, is Zero. The beam exits into air, so 
the exiting refractive indeX n' is 1. The curvature that yields 
a Surface power of d is found from c=d/(n'-n), or 
c1 =d 1/(1-nas). The radius of curvature, R, is given by 
R=1/c. There is no optical power along the y-dimension. 
0059. The beam exiting the negative cylindrical surface 
on the prism travels through a distance t' in air before 
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entering the anamorphic reflector. Following the usual sign 
conventions used in ray tracing, the distance t' may be 
denoted by t, both are numerically equal and are interchan 
gable. Both are also as yet undetermined. Because the beam 
travels in air, the refractive indeX n'=n=1. 
0060. The anamorphic reflector has a reflective surface 
with different powerS along its X- and y-directions, denoted 
by d and day. The reflector may be a mirror having a 
highly reflective dielectric thin film Stack, although other 
suitable types of reflectors may be used as well. For this type 
of reflector, in which the incident and reflective Surfaces are 
both air, the incident refractive index n is 1, while the 
exiting refractive index n is -1. The mirror curvature that 
produces a given power is given by c2-d2/(n2'-na), or 
-da/2. Similarly, ce=-day/2. The radii of curvature are 
given by R2 =1/c2, and R2=1/c2. 
0061. After exiting the reflector, the beam propagates a 
distance t' to the target. Note that with the typical conven 
tions of raytracing, both the values of distance t' and 
refractive index n are negative after reflection off the 
mirror; this is merely a numerical convenience, and Simply 
implies that the reflected beam travels in generally the 
opposite direction as the incident beam. The distance t' is as 
yet undetermined. 
0062) The target is the portion of the wafer that is to be 
inspected. It is preferred that the incident beam illuminates 
a generally circular region of the wafer. Because the incident 
beam strikes the target at a fairly high angle of incidence I, 
the beam footprint exiting the System should be asymmetric, 
So that a normally-incident camera may See a generally 
Symmetric illumination region. Consider the following 
geometry, where the plane of incidence includes the X-di 
mension, So that y-axis is parallel to the target Surface. Along 
the y-dimension, the illumination region Seen by the camera 
is the Same size as the incident beam along the y-dimension, 
Say 2F. Along the X-dimension, an incident beam of size (2F 
cos I) illuminates an region of dimension 2F as seen by a 
normally-incident camera. The incident beam is therefore 
Smaller along the X-dimension by a factor of coS I, So that a 
normally-incident camera Sees a circle of illumination with 
diameter 2F. For a large angle of incidence, the compression 
factor cos I may be quite significant. For example, for the 
preferred angle of incidence of about 81, cos (81) equals 
0.1564, resulting in a beam with an aspect ratio of about 6. 
Even with Such a high aspect ratio, the correspondingly high 
angle of incidence produces a nearly round beam, as Seen by 
a camera at nearly normal incidence. A preferred value for 
F is 10 mm, although other suitable values may be used. 
0.063. From the raytrace described below, values may be 
obtained for the cylindrical powers of the negative cylinder 
and the reflector, as well as the distances between the 
Surfaces. 

0.064 Given the power d of each surface, the refractive 
index n between the Surfaces, and thickness t between the 
Surfaces, one may use the well-known paraxial refraction 
and transfer equations to trace a ray through the optical 
system of FIG. 9. 
0065. The paraxial refraction equation predicts the exit 
ingray angle (relative to the optical axis) u', after refraction 
at a surface with power d: 
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where u is the incident ray angle, y is the incident and exiting 
ray height at the Surface, and n and n' are the incident and 
exiting refractive indices, respectively. The refractive indi 
ces are dimensionless, the ray angles are in radians, the ray 
heights are in mm, and the Surface powers are in mm. 
0066. The paraxial transfer equation predicts the ray 
height y' at a Surface, after propagation by a distance t 
between a previous Surface and the current Surface: 

where y is the ray height at the previous Surface and u is the 
ray angle (relative to the optical axis) between the previous 
Surface and the current Surface. The ray angle is in radians 
and the ray heights and distances are both in mm. 
0067. The above paraxial refraction and transfer equa 
tions are alternately used to trace rays through the multi 
surface optical system of FIG. 8. Separate raytraces are 
performed for the X- and y-dimensions, with the thicknesses 
between the Surfaces remaining the Same, but the powers of 
each Surface being different. 
0068. Some initial assumptions are made for the optical 
System. First, it is desirable to image the pupil of the fiber 
bundle onto the target. For a fiber bundle, the pupil of the 
bundle is located at infinity, So we therefore locate the target 
at the rear focal plane of the System in both X- and y-direc 
tions. Second, it desirable to illuminate a circular portion of 
the target. Because the illumination is at a fairly high angle 
of incidence, the incident beam should have an asymmetric 
footprint. Therefore, the optical system should have different 
magnifications in the X- and y-dimensions, or, equivalently, 
different focal lengths along the X- and y-dimensions. We 
therefore choose to place the fiber bundle at the front focal 
plane of the System in the X-direction, So that any spatial 
variations in intensity at the fiber bundle are minimized at 
the target. We do not explicitly constrain the front focal 
plane of the System in the y-direction. 
0069. The goal of the ray trace, sketched schematically in 
FIG. 9, is to obtain values for cylindrical powers d, do 
and day, and distances t and ta'. The fixed values in the ray 
trace are the refractive index of the prism na (equal to 
1.8558, for example), thickness traveled inside the prism 
t(equal to 0.474 mm, for example), numerical aperture of 
the beam exiting the fiber bundle NA (equal to 0.1519, for 
example), and illuminated diameter at the target 2F (equal to 
20 mm, for example). Four rays are traced and are each 
shown schematically, but not to scale, in FIG. 9. 
0070 First, we trace Ray 1 along the y-dimension. Omit 
ting the intermediate algebra, we find that the total power of 
the System in the y-dimension d, equals the power of the 
reflector in the y-dimension day, and both are given by 
d=d=NA/F. For the preferred values of NA (0.1519) and 
F (10 mm), de=-0.01519 mm, leading to a reflector 
radius Ray of -131.7 mm. 
0071 Next, we trace Ray 2 in the y-dimension. Again 
omitting the intermediate algebra, we find that the on-axis 
distance between the reflector and the target t is given by 
t"=-F/NA. Using the preferred values above, t' is -65.8 
mm. The value is negative, meaning that the incident and 
exiting beams are on the same Side of the reflector; this is the 
usual case for a mirror. 

0072) Next, we trace Ray 3 in the x-dimension. We obtain 
two pieces of information from Ray 3. First, the total optical 
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power of the system in the x-direction is given by d=NA/(F 
cos I). For the preferred values, the total optical power in X 
is about +0.0971 mm. Second, the relationship between 
thickness t and power d is given by (t)(d)=1-(t 

)(NA)/(F cos I)). 
glass 

glass 

0.073 Finally, we trace Ray 4 in the x-dimension, and 
obtain a relationship between thickness t and power d, 
given by (t)(d)=1-(1/cos I). 
0.074. We combine the preceding two equations with the 
well-known relationship d=db+d-(t/n)(d)(d) to 
obtain expressions for the remaining powers and thickness. 

0075. The power along the x-direction for the negative 
cylinder is given by: 

For the preferred values given above, d is -0.622 mm', 
giving a radius R of +1.375 mm. 
0.076 The power along the x-direction for the reflector is 
given by: 

P=1-(tas?inas)(NA)/(F cos I) (F cos INA)- (glassinglass)/cos I 
For the preferred values given above, d is +0.1125 mm', 
giving a radius R2 of -17.77 mm. 
0077. The on-axis thickness t (or, equivalently, t) 
between the negative cylinder and the reflector target is 
given by: 

For the preferred values given above, t is +8.666 mm. 
0078. There is a remaining quantity that may be obtained 
from the trace of Ray 4 in the x-direction. Because the fiber 
bundle is located at the front focal plane of the System (in x), 
all the rays that originate from a particular point on the 
bundle arrive at the target at the same angle (in x). As a 
result, it becomes apparent that the size of the fiber bundle 
determines the range of incident angles (in x) that arrive at 
the target. If the bundle were infinitesimally small, all the 
rays would arrive at precisely the same incident angle, and 
the range of incident angles would be essentially Zero. 
Obviously, for radiometric reasons the bundle cannot be 
infinitesimally Small; no light would get through the System. 
Areasonable value of the half-range of incident angles (in x) 
is roughly 2.5, based on a compromise between radiometric 
power at the target (where a big bundle is Suitable) and 
uniformity of incident angle at the target (where a small 
bundle is suitable). For a half-range HR of incident angles, 
the required half-height of the bundle H is given by H=(tan 
HR)(F cos I)/NA. For the typical values given above, and a 
half-range HR of 2.5, the required half-height of the fiber 
bundle is about 0.45 mm. In other words, if the fiber bundle 
has a radius of 0.45 mm, then all the illumination arrives at 
the target with an incident angle of 81-2.5. For improved 
performance, the gap between the illumination angles and 
the collection angles may be made Substantial, So that a 
Specular reflection off the target remains well outside of the 
collection optics. 

0079. Note that once the radii of curvature are determined 
for the various Surfaces, aspheric and/or conic terms may be 
optionally added to one or more of them to reduce aberra 
tions in the beam. These aspheric terms are most easily 

Jan. 19, 2006 

handled by a commercially available raytracing program, 
Such as Oslo, ZEMAX, Code V, and others. 
0080. Now that the values of powers, radii of curvature, 
and thickness have been determined in analytical form, 
based on the paraxial raytrace of the system shown in FIG. 
9, it is instructive to show the numerical values of the 
corresponding ray traces. These values are given in the ray 
trace spreadsheet shown in FIG. 10. The input values not 
determined by the spreadsheet are shown in the thick 
bordered cells. 

0081. A variety of rays are traced, including rays through 
the center and both edges of the target, and through the 
center and one edge of the fiber bundle. Because the System 
is Symmetric, a ray through the other edge of the fiberbundle 
is unnecessary. Note that rays 1 through 4 from FIG. 9 are 
denoted in FIG. 10. 

0082 There are several noteworthy features of the 
spreadsheet of FIG. 10. All the rays originate at the fiber 
bundle with a height between -0.449 mm and +0.449 mm, 
and with a numerical aperture between -0.1519 and 
+0.1519. All the rays arrive at the target with a height 
between -10 mm and +10 mm in y, and between -1.564 mm 
and +1.564 mm in X. AS discussed earlier, the beam is 
effectively expanded in X to appear the same size as in the 
y-dimension, with respect to a normally-incident camera. 
0083. In the x-dimension, all the rays arrive with an 
incident ray slope between -0.0437 radians and +0.0437 
radians, or, equivalently, an incident ray angle between 
-2.5 and +2.5. Because the x-dimension lies in the plane 
of incidence, the range of t2.5 becomes the range of 
incident angles at the target. 
0084. In contrast, note that in the y-dimension, the inci 
dent rays have a much larger angular range, with slopes 
between -0.138 radians and +0.138 radians, or, equivalently, 
incident ray angles between -7.9 and +7.9. Because the 
y-dimension is parallel to the target Surface, this rather large 
angular range has no effect on the range of incident angles, 
unlike the X-dimension. It is easiest to visualize this y-range 
from the point of View of a normally-incident camera, 
looking at the target. If one imagines a clock face Superim 
posed on the target, with the illumination arm located near 
12-o'clock, then portions of the 20 mm-diameter circle at the 
center that receives illumination receive it from rays origi 
nating between roughly 11:45 and 12:15. In the actual visual 
inspection Station, five illumination arms are used, each 
spaced apart by about 72 around the full 360 clock-face 
envisioned earlier. It is understood that more or fewer than 
five illumination arms may be used as well. 
0085. It is instructive to summarize the paraxial layout 
thus far. A beam emerges from a multi-mode fiber bundle, 
passes through a 90° turning prism that has a negative-power 
cylindrical Surface on its exiting face, reflects off an anamor 
phic mirror, and illuminates a target at a non-Zero incident 
angle. The illumination region is generally round when 
Viewed by an essentially normally incident camera. The 
target is at the rear focal plane of the System in both X- and 
y-dimensions. The fiber bundle is at the front focal plane of 
the system in the x-dimension. The size of the illumination 
region at the target is directly proportional to the numerical 
aperture of the fiberbundle. The range of exiting angles from 
the illumination arm is directly proportional to the size, or 
spatial extent, of the fiber bundle. 
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0.086 Note that although the paraxial layout is performed 
as if all the elements are centered about the optical axis, in 
reality, they may be bent or folded to include non-normally 
incident Surfaces. For instance, the anamorphic mirror is 
treated validly as an on-axis element in the paraxial raytrace, 
but once the powers and distances are determined, the actual 
part may have a finite angle of incidence on-axis. These 
angles are best determined by clear aperture requirements, 
where neither an incident nor a reflected beam should be 
inadvertently blocked by any components. Because the 
incident beam is tilted with respect to the target, the center 
of the illumination region should be located at the prescribed 
Z-distance, namely at the rear focal planes in both X and y. 
0087. The resulting system has many advantages over 
known illumination Systems. For instance, the System is 
compact, has a large format (20 mm diameter illumination 
region), has uniform illumination over the illumination 
region, has a uniform angular spectrum over the illumination 
region, has a Small incident angle range, has a broad 
circumferential azimuth (or, equivalently, a large azimuthal 
angle range), and is relatively bright. As a result of these 
advantages, the wafer inspection System is essentially insen 
sitive to particle location and orientation within the field of 
VeW. 

0088. In all of the discussion thus far, it has been implic 
itly assumed that the optical power on the exiting face of the 
prism is essentially cylindrical, with a negative power in the 
meridional direction and no power in the azimuthal direc 
tion. As an alternative embodiment, power may be provided 
in both dimensions on the exiting face of the prism, not just 
in the meridional direction. In other words, the exiting face 
may have an element with anamorphic optical power, in 
which the powers in the meridional and azimuthal directions 
are unequal; this may be referred to as a first anamorphic 
element. Likewise, the anamorphic mirror or lens may be 
referred to as a Second anamorphic element. 
0089. The optical path for this embodiment is similar to 
that of the essentially cylindrical embodiment and is shown 
in FIG. 11. Light exits the end of a multimode fiber bundle 
(not shown), enters a turning prism 91 through its incident 
face 92, reflects off its hypotenuse (although other suitable 
geometries may be used), and exits the turning prism 91 
through its exiting face 93. The exiting face 93 has a first 
anamorphic element 94 with optical power in both the 
meridional and azimuthal dimensions. The first anamorphic 
element 94 may be an anamorphic depression in the Surface 
of the exiting face 93, or may be an anamorphic lens 
attached to the exiting face. The beam exiting the prism 91 
propagates to a Second anamorphic element 95, which may 
be a mirror or a lens. The beam exiting the Second anamor 
phic element 95 then strikes the illumination region 96 at a 
high angle of incidence, with respect to the Surface normal 
97. 

0090 For such an embodiment, it is still desirable to 
image the pupil of the fiber bundle onto the illumination 
region, which is ensured by placing both the meridional rear 
focal plane and the azimuthal rear focal plane at the illumi 
nation region. In addition, because it is also desirable to have 
a uniform nominal incident angle across the illumination 
region, we place the fiber bundle at the meridional front 
focal plane. For this embodiment, the location of the azi 
muthal front focal plane is indeterminate; it may or may not 
coincide with the meridional front focal plane. 
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0091 As a further embodiment, a rotationally symmetric 
element may be provided on or attached to the exiting face 
of the prism, rather than an anamorphic element or a purely 
cylindrical element. 
0092. The description of the invention and its applica 
tions as Set forth herein is illustrative and is not intended to 
limit the Scope of the invention. Variations and modifications 
of the embodiments disclosed herein are possible, and 
practical alternatives to and equivalents of the various 
elements of the embodiments would be understood to those 
of ordinary skill in the art upon Study of this patent docu 
ment. These and other variations and modifications of the 
embodiments disclosed herein may be made without depart 
ing from the Scope and Spirit of the invention, as Set forth in 
the following claims. 

What is claimed is: 
1. An illuminator for dark field inspection of a surface of 

a target, comprising: 

one or more illumination arms disposed about an illumi 
nation region, each arm comprising: 
an extended, Substantially uniform Source of diverging 

light; 
a turning element having a first face optically coupled 

to the light Source, and a Second face having optical 
power in a meridional direction; and 

an anamorphic element having a first optical power in 
an azimuthal direction and a Second optical power in 
the meridional direction, the first and Second optical 
powers being unequal, and the anamorphic element 
being optically coupled to the Second face of the 
turning element. 

2. The illuminator of claim 1, wherein the second face of 
the turning element has no power in the azimuthal direction. 

3. The illuminator of claim 1, wherein the second face of 
the turning element has optical power in the azimuthal 
direction. 

4. The illuminator of claim 1, wherein the anamorphic 
element comprises a mirror. 

5. The illuminator of claim 1, wherein the anamorphic 
element comprises a lens. 

6. The illuminator of claim 1, wherein the turning element 
comprises: 

a turning prism; and 
a negative cylindrical lens attached to a face of the turning 

prism; 

wherein the first face of the turning element is an incident 
face of the turning prism, and the Second face of the 
turning element is an exiting face of the cylindrical 
lens. 

7. The illuminator of claim 1, wherein: 
the turning element comprises a turning prism having an 

incident face and an exiting face, the exiting face 
containing a concave cylindrical Surface; and 

the first face of the turning element is the incident face of 
the turning prism, and the Second face of the turning 
element is the exiting face of the turning prism. 

8. The illuminator of claim 1, wherein each arm has an 
azimuthal front focal plane, an azimuthal rear focal plane, a 
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meridional front focal plane, and a meridional rear focal 
plane, and wherein for each arm: 

the azimuthal front focal plane and the meridional front 
focal plane are not coincident; 

the light Source is located Substantially at the meridional 
front focal plane; 

the meridional rear focal plane and the azimuthal rear 
focal plane are Substantially coincident; 

the illumination region is Substantially circular with a 
center located Substantially at the meridional rear focal 
plane and at the azimuthal rear focal plane; and 

the light Source, turning element, and anamorphic element 
are arranged to illuminate the illumination region at a 
non-Zero angle of incidence relative to a normal of the 
illumination region to achieve Specular reflection from 
the target Surface under defect-free conditions. 

9. The method of claim 8, wherein the illumination region 
is within a field of view of a collection lens having a 
numerical aperture that defines a maximum collection angle 
of light for the collection lens, the angle of incidence being 
greater than the maximum collection angle. 

10. The illuminator of claim 8, wherein the angle of 
incidence is greater than approximately 53 degrees. 

11. The illuminator of claim 10, wherein the angle of 
incidence is greater than approximately 81 degrees. 

12. The illuminator of claim 1, wherein the light source 
operationally produces light having a finite Spectrum. 

13. The illuminator of claim 1, wherein the light source 
comprises a high pass ultraViolet filter. 

14. The illuminator of claim 1, wherein the cylindrical 
optical power is negative. 

15. The illuminator of claim 1 wherein the illuminator 
comprises five arms. 

16. An illuminator for dark field inspection of a surface of 
a target, comprising: 

one or more illumination arms disposed about a Substan 
tially circular illumination region Substantially at the 
target Surface, and each the arm comprising: 

a light Source; 
a coupling element having an incident face optically 

coupled to the light Source, and an exiting face with 
negative cylindrical optical power in a meridional 
direction; and 

an anamorphic element having a first optical power in an 
azimuthal direction and a Second optical power in the 
meridional direction, the first and Second optical pow 
ers being unequal, and the anamorphic element being 
optically coupled to the exiting face of the coupling 
element; 

wherein each of the arms has an azimuthal front focal 
plane, an azimuthal rear focal plane, a meridional front 
focal plane, and a meridional rear focal plane; and 

wherein for each of the arms: 

the azimuthal front focal plane and the meridional front 
focal plane are not coincident; 

the light Source is located Substantially at the meridi 
onal front focal plane; 
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the meridional rear focal plane and the azimuthal rear 
focal plane are Substantially coincident; 

the illumination region has a center located Substan 
tially at the meridional rear focal plane and at the 
azimuthal rear focal plane; and 

the light Source, turning element, and anamorphic ele 
ment are arranged to illuminate the illumination 
region at a non-Zero angle of incidence relative to a 
normal of the illumination region to achieve Specular 
reflection from the target Surface under defect-free 
conditions. 

17. The method of claim 16, wherein the illumination 
region is within a field of View of a collection lens having a 
numerical aperture that defines a maximum collection angle 
of light for the collection lens, the angle of incidence being 
greater than the maximum collection angle. 

18. The illuminator of claim 16, wherein the angle of 
incidence is greater than approximately 53 degrees. 

19. The illuminator of claim 16, wherein the angle of 
incidence is greater than approximately 81 degrees. 

20. The illuminator of claim 16, wherein the light source 
operationally produces light having a finite Spectrum. 

21. The illuminator of claim 16, wherein the light source 
comprises a high pass ultraViolet filter. 

22. The illuminator of claim 16, wherein the anamorphic 
element comprises a mirror. 

23. The illuminator of claim 16, wherein the anamorphic 
element comprises a lens. 

24. The illuminator of claim 16, wherein the coupling 
element comprises a turning element. 

25. The illuminator of claim 16, wherein the coupling 
element comprises a non-turning element. 

26. The illuminator of claim 16 wherein the light source 
is an extended, Substantially uniform Source of diverging 
light. 

27. The illuminator of claim 16 comprising five illumi 
nation arms. 

28. An illuminator for dark field inspection of a surface of 
a target, comprising: 

a plurality of illumination arms disposed about an illu 
mination region Substantially at the target Surface, and 
each of the arms comprising: 

an extended, Substantially uniform Source of diverging 
light; and 

an assembly of optical elements for producing from the 
diverging light an illuminating beam directed to the 
illumination region, the illuminating beam having a 
nominal incident angle, an incident angle range, and 
an azimuthal angle range; 

wherein both the nominal incident angle and incident 
angle range are essentially invariant throughout the 
illumination region; 

wherein the azimuthal angle range is essentially invariant 
throughout the illumination region; and 

wherein light intensity throughout the illumination region 
is essentially invariant. 
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29. An illuminator for dark field inspection of a surface of 
a target, comprising: 

a plurality of illumination arms disposed about a Substan 
tially circular illumination region Substantially at the 
target Surface, and each of the arms comprising: 
means for establishing an azimuthal rear focal plane; 
means for establishing a meridional rear focal plane, 

the meridional rear focal plane and the azimuthal 
rear focal plane being Substantially coincident; 

means for establishing an azimuthal front focal plane; 
means for establishing a meridional front focal plane 

Separated from the azimuthal front focal plane; 
means for locating a center of the illumination region 

Substantially at the meridional rear focal plane and at 
the azimuthal rear focal plane; 

means for introducing light having extended, Substan 
tially uniform, and diverging characteristics Substan 
tially at the meridional front focal plane; and 

means for forming a beam from the light introduced at 
the meridional front focal plane, the beam being 
incident on the illumination region at a non-Zero 
angle of incidence relative to a normal of the illu 
mination region to achieve Specular reflection from 
the target Surface under defect-free conditions. 

30. A method for illuminating an illumination region on a 
Surface of a target from a plurality of different directions 
with respective optical Systems to perform a dark field 
inspection of the target Surface, comprising for each of the 
optical Systems: 

establishing an azimuthal rear focal plane; 

establishing a meridional rear focal plane, the meridional 
rear focal plane and the azimuthal rear focal plane 
being Substantially coincident; 

establishing an azimuthal front focal plane; 

establishing a meridional front focal plane Separated from 
the azimuthal front focal plane; 

establishing the illumination region as a Substantially 
circular region with a center Substantially at the meridi 
onal rear focal plane and at the azimuthal rear focal 
plane; 

introducing light having extended, Substantially uniform, 
and diverging characteristics Substantially at the 
meridional front focal plane; and 

forming a beam from the light introduced at the meridi 
onal front focal plane, the beam being incident on the 
illumination region at a non-Zero angle of incidence 
relative to a normal of the illumination region to 
achieve Specular reflection from the target Surface 
under defect-free conditions. 

31. The method of claim 30, wherein the beam forming 
Step comprises forming the beam within a field of View of a 
collection lens having a numerical aperture that defines a 
maximum collection angle of light for the collection lens, 
the angle of incidence being greater than the maximum 
collection angle. 
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32. The method of claim 30, wherein the angle of inci 
dence in the beam forming Step is greater than about 53 
degrees. 

33. The method of claim 32, wherein the angle of inci 
dence in the beam forming Step is greater than about 81 
degrees. 

34. The method of claim 30, wherein the beam forming 
Step comprises Spectrally filtering the beam. 

35. A wafer inspection System comprising: 

a fiber optic dark-field illuminator comprising: 

a Source of Spectrally filtered, Spatially uniform, 
extended and diverging light; and 

a plurality of illumination arms optically coupled to the 
light Source and circumferentially disposed about a 
Substantially circular illumination region; and 

a camera disposed at normal or near-normal incidence 
with respect to the illumination region, the illumination 
region being within a field of view of the camera, and 
the camera comprising a collection lens having a 
numerical aperture that defines a maximum collection 
angle of light for the collection lens, 

wherein each of the illumination arms comprises: 

a turning element having an incident face optically 
coupled to the light Source, and an exiting face with 
negative cylindrical optical power in a meridional 
direction; and 

an anamorphic mirror having a first optical power in an 
azimuthal direction and a Second optical power in the 
meridional direction, the first and Second optical pow 
ers being unequal, and the anamorphic mirror being 
optically coupled to the exiting face of the turning 
prism; 

wherein each of the illumination arms has an azimuthal 
front focal plane, an azimuthal rear focal plane, a 
meridional front focal plane, and a meridional rear 
focal plane; and 

wherein for each of the arms: 

the azimuthal front focal plane and the meridional front 
focal plane are not coincident; 

the light Source coupling is located Substantially at the 
meridional front focal plane; 

the meridional rear focal plane and the azimuthal rear 
focal plane are Substantially coincident; 

the illumination region has a center located Substantially 
at the meridional rear focal plane and at the azimuthal 
rear focal plane; and 

the light Source coupling, turning element, and anamor 
phic mirror are arranged to illuminate the illumination 
region at an angle of incidence relative to a normal of 
the illumination region that is greater than the maxi 
mum collection angle. 

36. The method of claim 35, wherein the turning element 
comprises a turning prism. 
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37. An illuminator for dark field inspection of a surface of 
a target, comprising: 

a plurality of illumination arms disposed about an illu 
mination region, each arm comprising: 
a light Source; 
a coupling element having a first face optically coupled 

to the light Source, and a Second face having optical 
power in a meridional direction; and 

an anamorphic element having a first optical power in 
an azimuthal direction and a Second optical power in 
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the meridional direction, the first and Second optical 
powers being unequal, and the anamorphic element 
being optically coupled to the Second face of the 
turning element. 

38. The illuminator of claim 37, wherein the second face 
of the turning element has no power in the azimuthal 
direction. 

39. The illuminator of claim 37, wherein the second face 
of the turning element has optical power in the azimuthal 
direction. 


