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TITLE: WAFER INSPECTION

CROSS-REFERENCE TO REFATED APPLICATIONS

5 This application clatms priority to U.S. Provisional Application No. 61/506,892
entitled “Sample fuspection Systern,” filed July 12, 2011, which is incorporated by
refercuce as if fully set forth heren.

BACKGROUND OF THE INVENTION
10
i Field of the fnvention
This mmvention generally relates to systems configured to inspect a wafer.
5 2 Rescription of the Related Arnt
The following description and examples are not admitted to be prior art by virtue
of their inclusion in this section.
26 Inspection processes are used at various steps during a sermconductor

manufacturing process o detect defects on wafers to promote higher vield in the

manufacturing process and thus higher profits. Tuspection has always been an imoportant

part of fabricating semuiconductor devices. However, as the dimensious of semconductor

devices decrease, inspection becomes even more important to the successful manufacture
25 of acceptable semiconductor devices because smaller defects can cause the devices to

fail.

Improved sensitivity to particles, anomalies, and other defect types, while
maintaining overall nspection speed {in wafers per hour), 1s desired in wafer mspection

30 systems. Dark field optical inspection systems typically use faser light to luminate the
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wafer in a specific pattern — individual spots, lines, or areas — and collection optics to

direct the scattered light on a corresponding set of sensors.

One advantage of an inspection system where a large area {(on the order of | mum
by | mum) of the wafer 1s illuminated at once, as opposed to a spot {on the order of
microns) or 4 line {on the order of microns wide by mim long), is that there exist many
varieties of two-dimenstonal sensors that can capture information on thousands to
millions of individual detectors wn parallel. Furtherruore, spot-illuminated inspection
systems are practically limited to dozens of spots due to the complexities of illumination
optics and of integrating individnal sensors thereby limiting achievable throughput. Une
further disadvantage of spot and line scanning systems is the illumination energy is
concentrated in relatively small areas, increasing the power density on the inspected

surface, which can undesirably alter the sample properties.

It is well known that an XY {(or serpentine) mspection sequence offers lower
mspection throughput than a spiral sequence; therefore, a spiral trajectory {comruonly
known as R-Theta} is desirable under some circumstances. HExamples of spiral inspection
systems include the SP1 and §P2 instruments, commercially available from KLA-Tencor

Corporation, Milpitas, California.

Despite the advantage of arca mspection systeras, as described above and i the
art {e.g., U.S, Patent No. 7,286,697 to Guetta), implementation of this configuration on
an R-Theta platforro has proven challenging, as there is an inherent mismatch of the
spiral sequence of generated images with the rectilinear nature of most two-dumnensional
array sensors. Detection of defects by the aligning and registration of polar images in
real time is a computationally intensive activity. Furthermore, the additional notse added
to the measurement by most two-dimensional silicon-based sensors, as compared to
discrete detectors such as photomultiplier tubes (PMTs), has in practice reduced the
sensitivity performance of such systerns. On XY -based arca inspection systerns, the

coordinate mismatch problern does not exist, but previous embodiments of such systems
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have not been able detect all defects of interest at high speeds due to lack of flexibility of

the ithumination and collection subsystems.

Accordingly, it would be advantageous to develop inspection systems and/or

s mcthods that do not have one or more of the disadvantages described above.

SUMMARY OF THE INVENTION

The following description of various embodiments is not to be construed 1u any

10 way as limiting the subject matter of the appended claims.

Ome embodiment relates to a system configured to inspect 2 wafer. The system
includes an illumination subsystem configured to simultancously form multiple
iilumination arcas on the wafer with substantially no illumination flux between cach of

15 the arcas. The syster also includes a scanning subsystem configured to scan the multiple
ilfumination areas across the wafer. In addition, the system mnchides a collection
subsystem coufigured to simultaneously and separately image light scatiered from each
of the arcas onto two or more sensors. Characteristics of the two or more sensors are
selected such that the scattered light is not imaged into gaps between the two or more

26 sensors. The two or more sensors generate output responsive to the scattered hight, The
system further includes a computer subsystem configured to detect defects on the wafer
using the output of the two or more sensors. This systermn may be further configured as

deseribed herein.

25 Another embodiment relates to another system configured to tnspect a wafer.
This system includes an illumination subsystem configured to direct multiple light beams
to substantially the same area on a wafer, The multiple light beams have substantially the
same wavelength and polarization characteristics. The system also includes a scanning
subsystem configured to scan the multiple light beams across the wafer. In addition, the
30 system includes a collection subsystem counfigured to image light scatiered from the

substantially the same arca on the walfer to 4 sensor, The sensor generates output
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responsive to the scattered light. The system further includes a computer subsystem
configured to detect defects on the wafer using the output of the sensor. This system may

be further configured as described herein.

An additional erubodiment relates to a system configured to nspect a water, This
system includes an ilumination subsysterm configared to direct & first of multiple pulsed
light beams to an arca on a waler carlier i time than a second of the multiple pulsed light
beams is direcied to the area by the illumination subsystem. The first and second of the
multiple pulsed light beams have different shapes and sizes on the wafer from each other.

The first and second of the multiple pulsed light beams have different wavelengths from
each other, different polarizations from ecach other, or different wavelengths and
polarizations from cach other. The system also inchudes a scanning subsystem
configured to scan the multiple pulsed light beams across the wafer, In addition, the
system includes a collection subsystem configured to image light scatiered trom the area
on the watler to one or wore sensors. The oue or more sensors generate output responsive
to the scattered light. The system further inchudes a computer subsystem configured to
detect defects on the wafer using the output of the one or more sensors and o use the
output responsive to the scattered light from the area due to illumination by the first of
the multiple pulsed light beams to determine a power of the second of the multiple pulsed
light beams that should be directed to the arca. This system may be further configured as

deseribed herein.

A further emabodimment relates to another system configured to inspect a wafer.
This systern includes an illumination subsystem coufigured to divect pulses of light to an
area on a wafer. The system also includes a scanning subsystem configured to scan the
pulses of light across the wafer. In addition, the system includes a collection subsystem
configured to image pulses of light scattered from the arca on the wafer to a sensor. The
sensor is configured to integrate a number of the pulses of scattered light that 1s fower
than a number of the pulses of scattered light that can be imaged on the entire arca of the
scnsor, The sensor is configured o gonerate output responsive to the mtegrated pulses of

scattered light. The syster further 1oclades a computer subsystem configured to detect
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defects on the wafer using the output generated by the sensor. This system may be

further configured as described herein.

Another embodiment relates to a system configured to inspect a wafer. This

(V3

system includes an ilumination subsystem configared to direct hight to anarcaon a
wafer. The system also includes a scanning subsystem configured to scan the light across
the wafer. In addition, the syster includes a collection subsystem configured to 1mage
light scatiered from the area on the wafer to a sensor. The sensor s configured to
generate output responsive to the scattered light. The system further includes a computer
10 subsystemn configured to detect point defects on the wafer using the output generated by
the sensor, to determine a size, in pixels, of the point defects, to determine a focal
condition of the system based on the size of the point defects, and to alter one or more
parameters of the system based on the focal condition. This system may be tfurther

configured as described herein,

L

An additional embodiment relates to a system configured to nspect a wafer. The
system includes an illumination subsystem counfigured to direct light to anareaona
wafer. The system also includes a scanning subsystem configured to scan the light across
the wafer. In addition, the system includes a collection subsystem configured to image

26 light scattered from the area on the wafer to a sensor. The sensor is configured to
generate output responsive to the scattered light. The syster also includes a computer
subsystern configured to detect defects on the water using the output generated by the

sensor, This system may be further configured as described herein.

28 BRIEF DESCRIPTION OF THE DRAWINGS

{ther objects and advantages of the invention will become apparent upon reading
the following detailed deseription and upon reference to the accompanying drawings in

which:
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Fig. 1 is a schematic diagram tllustrating a side view of one embodiment of a

system configured to inspect a wafer;

Fig. 2 is a schematic diagram illustrating a plan view of one embodiment of

s multiple iHumination areas having a rectangular shape on a wafer;
Figs. 3-6 arc schematic diagrams Hustrating side views of various embodiments
of a system configured to wspect a wafter;
10 Fig. 7 1s a schematic diagram illustrating a plan view of one embodiment of a
center region of a wafer and a region outside of the center region of the wafer;
Fig. § 1s a schematic diagram tlustrating a plan view of one erabodiruent of
different manners in which 4 center region of a wafer and a region outside of the center
15 region of the wafer may be scanned by the embodiments deseribed herein;
Fig. 9 is a schematic diagram tllustrating a side view of one embodiment of a
system configured to inspect a wafer;
26 Fig. 18 is a schematic diagram illustrating a plan view of one embodiment of

multiple light beams being directed to substantially the sarme arca on a water at

substantially the same polar angics and different azimuth angles;

Fig. 11 1s a schervatic diagrarn illustrating a plan view of one embodiment of

25 multiple light beams having different shapes and sizes on the wafer from each other;
pie g £ p

Fig. 12 is a schematic diagram tllustrating a side view of one embodiment of a

system configured to inspect a wafer;

39 Fig. 13 is a schematic diagram illustrating a side view of one embodiment of

multiple light beams that include one light beam generated by a light source of an
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titumination subsystem and additional light beams formed by collecting light reflected
from substantially the same area on the wafer and directing the collected reflected light

back to the substantially the same area on the wafer;

(V3

Fig. 14 1s a schematic diagrarm tllustrating a plan view of onc cmbodiment of a

senisor that includes a rectangular array of pixels; and

Fig. 15 1s a schematic diagram illustrating a plan view of how sizes, in pixels, of
point defects can vary depending on a focal condition of a system configured to inspect a

i wafer.

While the invention is susceptible to various modifications and alternative forms,
specific embodiments thercof are shown by way of example in the drawings and will

herein be described in detail, It should be understood, however, that the drawings and

15 detailed descuption thereto are not wntended to linoit the wnveution to the particular form
disclosed, but on the contrary, the intention 18 to cover all modifications, equivalents and
alternatives falling within the spinit and scope of the present invention as defined by the
appended claims.

20 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Inn general, the embodiments deseribed herein relate to water inspection methods
and systems that inchude the following: thummnation {(e.g., faser illumination) is mcident
on the wafer; the water or iHomination spot{s} on the wafer 19/are transiated n some

25 fashion; scattered light 13 collected by a collection subsystem (which may inchide a
collection objectivey; in the collection optics, the scattered light may be divided based on
sclectable polarization and/or scattering angle characteristics; selected portion(s) of the
scattered light are directed onto one or more sensors; and defects are detected by

processing output {e.g., image information) generated by the sensor{s).
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Turning now to the drawings, it is noted that the figures are not drawn to scale. In
particular, the scale of some of the elements of the figures is greatly exaggerated to
emphasize characteristics of the elements. It is also noted that the figures are not drawn
to the same scale. Elements shown in more than one figure that may be similarly

contigured have been indicated using the same reference numerals.

One embodiment relates to a system counfigured fo nspect a waler, In order to
optunize juspection speed and/or sensitivity, a spatially discontinuous ilumination
profife may be used. For example, this system includes an itllumination subsystem
configured to simultaneously form multiple illumination areas on the wafer with
substantially no illumination flux between cach of the areas. In this manner, the system

is configured for multi-spot Cmulti-patch™) area mspection,
g ¥

All of the tllumination subsystems described herein include one or more light
sources possibly coupled to some Hummnation optics. For example, multi-patch
iifumination can be generated by 3 methods: multiple lasers with one patch per laser;
multiple laser beams from one laser; and a diffractive optical element separating the
beams of one or more lasers. In one such example, the illumination subsystem may
include a laser source (or sources) illuminating the wafer with polarized light at a specific
angle of incidence or multiple discrete angles of incidence. The optimal illumination
angle{s) of incidence for inspection depend on the wafer type being inspected and the
detects of mterest to be detected among other factors. The iHumination subsystem may
be configared to allow for tHuraination at near normal incidence and/or an oblique angle
of 45 degrees or greater, either sequentially or simultancously. In addition, the laser

source may be a pulsed laser.

The multiple illumination arcas may have different cross-sectional shapes on the
wafer such as substantially flat-top, Gaussian, non-(Gaussian, any other structured area
iilumination, cte. For example, nultiple flat-top illumination arcas may be formed on the
waler, with no illumination flux 1 between these arcas. The multiple lumination arcas

may be formed oun a surface of the wafer such as an uppermost surface of the wafer,
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However, the multiple illumination areas may be formed on a wafer with films, at a

particular interface in a film stack, or even subsurface {e.g., within the wafer}.

in one embodiment, cach of the multipie illumination arcas has a rectangular
shape on the wafer. For cxample, as shown n Fig. 2, each of multiple illununation arcas
200 may have a rectangular shape on wafer 202, and the direction of wafer travel may be
i the direction shown by arrow 204, In the embodiment shown in Fig. 2, three separate
ihumination areas {or patches) are formed on the water as described further herein {e.g.,
either by three separate laser beams or a diffractive optical element). Interleaving of the
patches may be accomplished in a similar fashion to that used in current multi-spot

inspection systems.

One advantage of this implementation in laser arca mspection is that it is a
solution to the problom that relatively fast sensors tend to be substantially rectangular
(i.e., one dimension of the sensor is substantially longer than the other dimension). It is
difficult to make a substantially rectangular (e.g., 40:1 or 100:1 aspect ratio} patch ona
wafer. In the implementations described herein, three 13:1 or 33:1 aspect ratio patches
counld take the place of one 40:1 or 100:1 patch, respectively, and three slower sensors
can take the place of one larger, substantially elongated sensor. In general, for area
inspection mode systemms, ratios between 1:1 and 100:1 can be considered. In an
embodiment, the multiple tHumination areas do not overlap with cach other on the wafer.

For cxample, since this system is “flash on the fly,” the patches can be arranged so they
do not overlap on the wafer, and the stage (described further herein) will roove just the
correct amount between cach flash. The paiches can also be projected as a 1 x 3 array
instead of a 3 x 1 array if more convenient. “A rectangular shape on the wafer” as that
term 1s used herein generally refers to a shape that is substantially rectangular but may
not be exactly rectangular due to, for example, the inherent linutations of imaging any

light beam.

In one embodiment, the tllumination subsystem forms the multiple tllumination

arcas on the wafer using multiple light beams generated from a single hight beam. For
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example, the multiple light beams may be generated from one beam using a diffractive
optical element. In one such embodiment shown in Fig. 1, the illumination subsystem
includes light source 100 and diffractive optical element 110, The light source and the
diffractive optical element are configured such that a light beam generated by the light
source 1s directed to the diffractive optical element and the diffractive optical element
generates two or more {e.g., three) light beams 112 from that single light beam, The light
source may include any of the light sources described herein, and the diffractive optical
clernent may include any suitable diffractive optical element known in the art. As shown
in Fig. 1, the multiple light beams may be directed to wafer 114 at an obligue angle of
incidence. However, the multiple light beams may be directed to the wafer at any other
suitable angle of incidence as described further herein. The llumination subsystem
shown in Fig. 1 may include any other suitable optical clement(s) such as reflective
optical clements, refractive optical elements, polarizers, apertures, beam shaping

elements, wavelength filters, and the like.

In another embodiment, the Hhumination subsysiern forms the multiple
illumination arcas on the wafer using multiple light bearms generated by multiple hight
sources. For example, as shown tn Fig. 3, the illumination subsystem may include
multiple light sources 300, 302, and 304, The light sources may inchude any of the light
sources described herein such as pulsed lasers. Each of the muitiple light sources is
contigured to generate light having the same characteristics {e.g., each of the multiple
light sources may be the same make and model laser). As shown in Fig. 3, the multipic
light sources may generate multiple light beams 306, and the multiple light beams may be
directed to wafer 114 at the same angle ot incidence or roughly the sarue angle of
incidence. However, the multipie light beams may be three laser beams injected at
different angles. In addition, although the multiple light beams are shown in Fig. 3 as
being directed to the wafer at an obligue angle of incidence, the muitiple light beams may
be directed to the wafer at a normal or near normal angle of incidence. The tllumination
subsystem shown 11 Fig. 3 may include any other suitable optical element(s) such as
those described above. The system shown in Fig. 3 may be turther configured as

described herein.

10
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In some embodiments, the Hlumination subsystem includes a frequency
conversion laser, the illumination subsystem is configured to simultancously form the
multiple ilumination areas using pulses of light, and the pulses of light directed to the
areas on the waler do not vary spatially over the duration of the pulses of light and have
substantially constant intensity over the duration of the pulses of hight. For example, the
ihumination subsysiems described herem may use a frequency conversion laser with
spatial flat-top turaination and teraporal flat-top ilumimation output, in arca wode
inspection. Area-mode inspection systems often utilize Gaussian or “flat top”
ilumination profiles that are continuous on the surface of the wafer. In one such
embodiment, the tilumination subsystem includes a beam shaping optical element
coupled to the laser. For example, as shown in Fig. 6, the illumination subsystem may
include beam shaping optical clement 600 coupled to hight source 100, which in this
instance may be a laser. The beam shaping optical element may include any suitable
bearn shaping optical elemeunt known in the art. To addition, although the beam shaping
optical element 18 shown coupled to ouly one hight source in Fig. 6 such that it i3 in the
path of only one light beam, a beam shaping optical element may be coupled to cach of
the light sources included in any of the illumination subsystems described herein or may
be positioned in the path of cach of the iHlumination beams used by the systems deseribed
herein. The illumination subsystem and system shown in Fig. 6 may be further
contigured as described hercin. The {lat top beam may not only be generated by a
ditfractive optical clement or other beam shaping optic external to the laser but also
within the laser itself as a natural consequence of an optimized noulinear frequency
conversion process. Oue additional option 18 to utilize a laser that provides a user-
specified temporal pulse shape, in order to further reduce the wafer damage probability.
For instance, most common pulsed lasers exhibit an approximately hyperbolic secant
puise shape in time with a peak intensity more than 2x the average intensity. However,
recent developments in laser technology have permitted so-called “flat-top” or “box car”
temporal pulse shapes to be generated. The peak intensity of these pulses is cssentially
the same as the average tensity, and an improvement of ~2x may be achieved in

mspection throughput.

11
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In another embodiment, the iHumination subsystern includes a frequency
conversion laser, the illumination subsystem is configured to simultancously form the
multiple ilumination areas using pulses of light, and the pulses of light directed to the
areas on the waler have substantially constant intensity over the duration of the pulses of
light. Such an embodiment may be configured as described above except that the pulses

of light are allowed to vary spatially over the duration of the pulses of light.

The system also includes a scanning subsystem configured to scan the multiple
tlumination areas across the wafer. The scanning subsystem may include a chuck that
holds the wafer in place during inspection. For example, as shown in Fig. 1, the scanning
subsystem may include chuck 116, The chuck could be an edge grip chuck, a vacuum
chuck, or an air bearing check. One chuck may support multiple wafer diameters (e.g.,
300 nun and 450 mm, for example) or a single substrate diameter, The scanning
subsystem may also wmchade shaft 118 coupled to chuck 116 and coupled to positioning
subsystem 120, The positioning subsystern may nclade vatious elements such as a
motor, gears, stages, and the like that are configured to rotate and/or translate shaft 118,
Shaft 118 may be coupled to chuck 116 in such a manner that rotation and/or translation

of the shaft causes rotation and/or translation of the chuck and thereby the wafer.

The scanning subsystem may translate the water, cither in a spiral or X-Y {ashion,
or as described further herein some combination of the two. In particular, n addition to a
apiral scan as described above, both X-Y serpentine scans and RT-XY hybrid scans may
be eraployed to translate the wafer relative to the Ylurnipation and collection optics. A
spiral motion inspection system as deseribed herein is analogous to the SP1 and 8P2
inspection systems that are commercially available from KLA-Tencor, Milpitas,
California with some notable exceptions described herein. For example, the illumination
arca(s} on the wafer are substantially large, typically extending for hundreds of microns
up to several millimeters, the spindle rotation rate is relatively modest, typically not

excecding 1,000 to 5,000 rpm, and the collection subsysterm may have near diftraction-

12
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limited performance. Furthermore, substrates up to and beyond 450 mm in diameter are

inspectable by the systems described herein.

in a spiral inspection system, the rotation rate at the center of the wafer should be
sufficient to support the generation of mspection frames with the desired overlap, In one
embodiment, the illumination subsystem is configured to siraultaneously form the
multiple ilomimation areas using pulses of light, the light scattered from cach of the areas
wmechades pulses of scattered light, the scanning subsystew is configured to scan the pulses
of light across the wafer by rotating the wafer, and when the pulses of light are being
scanned across a center region of the wafer, the ilumination subsystem is configured to
simultancously direct the pulses of light to the multiple illumination arcas on the wafer
less often than when the pulses of light are being scanned across the wafer outside of the
center region. For example, for inspection using a pulsed laser and an area sensor on a
rotary stage, near the center of the walfer as the lincar velocity of the wafer decreases at
the center of the watler proportional to the radius, the laser pulse may be triggered less
and less often. In this manner, the scau proceeds at a slower rate 1o arca per time while
the sensitivity of inspection remains constant. The full average power of the laser is not
utilized. Alternatively, the illuminated area can be reduced continuously during the scan
as long as damage of the wafer is not induced by the light source. In one such
embodiment shown in Fig. 7, center region 700 of wafer 114 may be a region
encompassing center 702 of the water and spaced from edge 704 of the water, The
center region may encompass the nner third of the water or the mner quarter of the
wafer, for example. The portion of the wafer that is included in the center region of the
wafer may vary depending on, for exanple, the speed of rotation of the wafer, the
diameter of the wafer, the power of the laser, and any other parameters related to the

power to which the water is exposed at any given time.

{n an embodiment, the tilumination subsystem is configured to simmultancously
form the multiple tHummation areas using pulses of light, the hight scattered from cach of
the areas includes pulses of scattered light, the scanning subsystern is configured to scan

the pulses of light across the wafer by rotating and trauslating the wafer, the two or more

13
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sensors inchudes area seusors, when the pulses of light are being scanned across a center
region of the wafer, the scanning subsystem scans the pulses of light across the wafer in
one or more non-curved lines, and when the pulses of light are being scanned across the
wafer outside of the center region, the scanning subsystem scans the pulses of light
across the wafer 1n a spiral fashion. In this manner, the embodiments described herein
may be configured for hybrid scanning during inspection with a pulsed laser and an arca
sensor on a rotary stage. For example, in the hybrid approach, most of the wafer may be
scanned in a spiral fashion. In one such example as shown in Fig. §, region 800 of wafe
114 outside of center region 700 of the wafer, which may be defined as described above,
may be scanmed in spiral fashion 802. Then, center region 700 of the wafer may be
scanned with a series of small xy serpentine moves, or a single linear motion, or a
combination of angular rotations followed by lincar motions. In this manner, the center
region may be scanncd in linear fashion 804, in which the scans are performed in the x or
v direction with step-wise translations in the opposite direction between scans, or in
radial fashion 806, in which the scans are performed along a radius of the wafer between
step-wise rolations of the wafer. In this way, not inspecting any part of the wafer in the
center of the wafer is avoided (which can happen if the alignment of the wafer relative to
the scanning subsystem or optics is imperfect), properly aligning the ountput from the
sensor(s) becomes less challenging, and the inspection throughput could increase.
Furthermore, the effect of the “smearing” of the circular tracks across the rectangular

sensor can be minimized, depending on the repetition rate of the source.

The system wnchades a collection subsystern configured to simultaneously and
separately image light scattered {rom cach of the areas onto two or more sensors, In
general, the collection subsystems described herein may include some sort of scattered
fight collector (e.g., a collection objective such as scattered light collector 122 shown in
Fig. 1) and possibly some additional optical elements coupled to the scattered light
collector (e.g., aperture(s}), splitter(s}, polarizing clement(s}, one or more reflective
optical clements, and one or more refractive optical elements such as refractive optical
element 124 shown in Fig. 1), The same collection lens may image the scattered hight

from each of the areas on a plarality of sensors. For example, as shown in Fig. 1,
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scattered light collector 122 may collect scattered light 126 from one of the multiple
iillumination arcas on the wafer and scattered light 128 from another of the multiple

tlumination areas on the wafer.

(V3

The coliection subsystem may include an objective lens or lenses to collect light
scattered from the wafer, In addition to a relatively high numerical aperture (NA)
objective, additional sets of lower NA, or even non~imaging, coliection optics may be
disposed in the collection hersphere close to the horizon., Light scattering information
from these angles will thereby be collected allowing further capture of defects and

10 features of interest that would not be detected through the primary objective.

The collection subsystem may also include various elements to selectively filter
the scattered light to enhance the capture rate of defocts of interest and reduce the false

alarm rate. The various elements may include elements such as the optical clements and

L

micro-electro-maechanical system (MEMS)-based devices described herein. In addition,
the various elements may include polarizers, bearu sphiters, apertures, spatial filters, and

the like.

The coliection subsystem: may further include one or more optical clements
26 configured to image the filtered light onto two or more sensors {e.g., twWo Or more area
sensors), For example, refractive optical element 124 shown in Fig. 1 may be configured

to image the filtered light onto sensors 130 and 132 shown in Fig, L

In addition, the collection subsystem is preferably configured such that light tfrom
25 each of the multiple iHumination areas on the wafer is separately imaged onto only a
corresponding sensor. For example, as shown in Fig. 2, scattered light 126 from a first of
the multiple tllunmination arcas is only imaged onto sensor 130 while scattered light 128
from a second of the multiple illumination areas is only imaged onto sensor 132, In this
manner, light from more than one of the multiple tHumination areas will not be imaged

30 onto the same Sensor.
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Characteristics of the two or more sensors are selected such that the scattered
light is not imaged into gaps between the two or more sensors. For example, sensors 130
and 132 may be selected and configured such that scattered light 126 and 128 is not
imaged into gap 134 between the two sensors. In one such example, two smaller, less
expensive sensors may be utilized without experiencing an undesired loss of sensitivity
trom scattered laser light that would be otherwise tmaged into the “gaps” between the
sensors, Gaps between discrete sensors are often inevitable due to packaging cousiraints,
supporting electronics, ete. In addition, with two-dimensional sensors and their wnherent
fimitations (e.g., in their data rate, column rate, etc.}, the light source(s} and the sensor{s)
may not necessarily be coupled together very well, Some currently used systems include
a focal plane array of sensors to overcome thesc limitations, However, in the
embodiments described herein, the light source(s) and two-dimensional sensor

characteristics are matched o overcome the limiilations.

The two or more sensors generate output responsive to the scatiered light. The
two or more sensors may inchude point or relatively low resolution seusors. The two or
more sensors may also include, for example, discrete photomultiplier tubes (PMTs),
charge coupled devices (CTDs), time delay integrators (TDIs}, complementary metal-
oxide-semiconductor {CMOS) sensors, scientific CMOS s (sCMOS’s), PMT arrays,
clectron-bombarded CCDs (EB-CCDs), electron-multiplying CCDs (EM-CCDs),
intensified photodiodes, or avalanche photodiode {(APD) arrays. Each channel and/or
senisor may be configured to respond to the ilumination wavelength or additional
wavelengths generated by wafer interactions, or some corbination of the two, by using
wavelength filtering technigues. This allows for wore selective detection of some types
of defects of interest. In addition, the sensor{s) used in the systems described herein may
vary depending on the type of scanning used for inspection and/or the light sources
included in the illununation subsystem. For example, in an XY scanning configuration, a
higher repetition rate mode-locked laser can be used to illuminate the wafer to possibly
avoid laser-induced wafer damage with sensor(s) contigured to acquire data i TDI

made.
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In some instances, elements of the collection subsystem may be selected based on
one or more characteristics of the two or more sensors. For example, in some cases, the
collection subsystem may inchide one or more tube lenses, and the anamorphic ratios of
the one or more tube lenses may be selected based on the aspect ratios of the two or more
sensors. In addition, if different sensor types arc used for different channels of the
system, different tube lenses may have different anamorphic magnification to assure that

cach sensor is measuring the same arca on the wafer.

An gbjective lens included in the collection subsystem may be a relatively high
NA leus diffraction-limited over the field of view. Alternatively, a non-diffraction
limited objective can be cmployed. For example, in one embodiment, the collection
subsystem includes a scattered light collector having a resolution that is not fully
diffraction-limited. In particular, the collector design and manufactoring may be
appropriately matched, for reduced cost, to the distorted point spread function produced
by relevant, typically employed, apertures and polarizers in the collection chanuels. The
specification for the resolution of the objective can be calculated by knowing o advance
a target defect geometry and material {e.g., a silica sphere), and pupil or Fourier plane
filter that optimizes the capture rate of that defect, given the substrate type. A reduction
of the resolution requirements from fully diffraction-limited can result in significant cost

savings for systom users.

The systems described herein may also include an autofocus subsystem (not
shown}. The autofocus subsystem may ensure that the sarface of the wafer is always 1u
focus at the sensor(s) regardless of the moverment of the wafer, light source, collection
optics, and tllumination optics. The autofocus subsystem may inchude a light source
{which may or may not be the light source used for inspection}, sensor(s}, circuits, and
logic for determining the position of the wafer image relative to the sensor(s) {e.g., two-
dimensional sensors), and a feedback system for correcting any deviations noted during

the inspection. The autofocus subsystemn may be further configured as described herein,
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The system further includes a computer subsystem configured to detect defects on
the wafer using the output of the two or miore sensors. In this manner, the computer
subsystem provides a means to detect defects in signals or other cutput produced by the
sensors. For example, the system shown in Fig. 1 may inchude computer subsystem 136
coupled to the two or more sensors such that the coruputer subsystem can receive the
output produced by the two or more sensors, The computer subsysiem may be
configured to detect the defects on the wafer using the output and any suitable defect
detection algorithm and/or method. For exaruple, the computer subsystem may apply a
defect detection threshold to the output and any output found to be above the defect

detection threshold may be identified as a defect or a possible defect.

The computer subsystem may include any suitable computer system known in the
art. For example, computer subsystem 136 may take various forms, including a personal
computer systern, mainframe computer system, workstation, image computer, paralicl
processor, of any other device known n the art. o general, the term “computer
subsystem” may be broadly defined to encompass any device having one or more

processors, which executes instructions from a memory medinm.

With regards to the collection of scattered light, one improvement of the
cembodiments described herein over currently used systems is the selective and
contigurable collection of surface scatter to enhance the detection of particles and
detects. Somce previously used systoms include rotating spatial filter systems n the
collection optics to remove the effects of pattern scatter and euhance scatter from point
particles and defects. In the embodiments described herern, the filtering voay be fixed
during the wafer scan at a particular orientation to the illumination angle while the wafer
rotates underneath. The filter rejects certain solid angles of collection {containing
undesirable scattered light from the background rather than from defects of mterest} by
using a combination of multiple polarizers arranged at sclected angles and movable
scctions of material opaque to the scattered wavelength, The filtering 15 performed n the
back Fourier plane of the objective lens so that the undesired background at cach point in

the Hluminated field may be stimultancously elivmnated.
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Multiple area-type sensors may also be used in conjunction with the spatial
filtering techniques described herein. For example, the systems may include a flexible
collection system where a plurality of sensors are selectively configured to detect
scattered light with multiple polarization states and/or solid angics of scatter. Each
senisor may be disposed to collect scattered light that the other seusors, if present, do not
collect. In addition, cach sensor may be a multi-elerent sensor and may have different
characteristics. For example, one sensor may be an intensified EB-CCD sensor, Another
sensor may include a standalone magnetic-focus image intensifier coupled to a CCD or
CMOS chip with a relay lens. A third sensor may be a lower resolution standalone CCD
chip. Additional sensors may also be present. The sensor type and size for each channel
may be selected based on the scattered background characteristics expected in that
channel as well as the defects of interest sensitivity requirement in that channel. When
the point spread function projected onto a particular sensor is expecied to be large due to
the spatial filtering, a lower resolution is preferred. u this way, the system may be
optivmized with lower cost sensors 1o channels where other noise sources dominate 1n

order to reduce operating costs.

The system: configurations described above may be implemented in a number of
different embodiments that will be described here. For example, in one embodiment, the
system includes an optical element configured to simultancously and separately divide
the hight scattered from each of the arcas collected in different segments of a collection
NA of the collections subsystem, the two or maore seusors are configured to detect one of
the different segments, and the system juclades another two or more sensors counfigured
to detect another of the different segments, One such embodiment 1s shown in Fig. 4 in
which optical element 400 is positioned in the path of the light collected by scattered
light collector 122, Only scattered light 126 from only one of the nmltiple illuminated
arcas on the wafer is shown in Fig, 4 for clarity. The optical clement may be preferably
positioned at a Fourier plane or a conjugate of the Fourier plane of the collection
subsystem. “At a Fourter plane” or “at a conjugate of the Fourier plane” 1s defined

herein 1o mean not only just at exactly the Fourier plane or at exactly the conjugate of the
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Fourier plane. Instead, those terms are intended to mean “at or near a Fourter plane” and
“at or near a conjugate of the Fourier plane,” respectively. An optical element as
described herein can be considered to be “at or near a Fourier plane” if it is positioned at
the exact location of the Fourier plane or at a position that is within about 5% error of the
exact location of the Fourier plane (due to whatever error sources arc in the systom
and/or physical constraints in the system). “At or near a conjugate of the Fourier plane”

can be described 1o a sirntlar manner.

The optical element may include various optical elements sach as an aperture, a
mask, an apertured mirror, a iquid crystal display (LCD) element, or a micro-mirror
array. In one such example, a suitable aperture may be formed by cutting out a portion of
a folding mirror such that one portion of the mirror transmits light while another portion
of the folding mirror reflects light. In another such example, an apertured mirror can be
manufactured by forming a masking coating of metal film({s) and/or diclectric film{s)on a
trausparent substrate. The segmeutation of the collection NA can also be realized by
using other beam splitting optical elements such as prisms with various facet orientations
to refract the light in different directions. Other means of segmenting the collection NA
are also possible, including digital micromirror devices such as those commonly used in

digital light projectors.

The optical element (and other optical elements described herein) 1s used to
separate the collection NA mto differcnt scgments such that the scattered light in the
different segmeuts can be directed to different seusors or channels of the system. For
example, as described above, the optical element may have one portion that reflects light
and another portion that transmits light. Therefore, the optical element may separate the
collection NA into two segments, one segment of which is directed into one channel by

reflection and another segment of which is directed into another channel by transmission.
In one embodiment, as shown in cross-section in Fig, 4, the optical element may

include transmussive portions 402 and 404 that correspond to one segment of the

collection NA and reflective portion 406 that corresponds to another differeut and
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mutually exclusive segment of the collection NA. Reflective portion 406 may reflect
substantially all of the light in the segment of the collection NA corresponding to portion
406 (i.¢., portion 406 may have roughly 0% transmission of the scattered light), while
portions 402 and 404 may transmit substantially all of the light in the scgment of the
collection NA corresponding to portions 402 and 404 (1.¢., portions 402 and 404 may
having roughly 100% transmission of the scaticred light). In this manner, the entire

collection NA can be separated into two mutually exclusive portions.

As described above, the different portions of the optical element correspond to the
different segments of the collection NA into which the scattered light is separated by the
optical element. In addition, as shown in Fig. 4, portions 402 and 404 are mirror
symmetrical to each other about an incident plane of the illumination subsystem.
Furthermore, portions 402 and 404 may correspond to one of the different segments of
the collection NA, In this manner, one of the different segments may melude two
mdividual segments {corresponding to portions 402 aund 404) that are mirror symmetrical
1o each other about an incident plane of the ilumivation subsystem. Iu addition, as
shown in Fig. 4, cach of portions 402 and 404 is spaced from the incident plane.
Furthermore, each of the portions can be defined by first, second, and third sides, which
will be described with respect to portion 402, In particular, portion 402 includes first
side 402a, sccond side 402b, and third side 402¢. First side 402a 1s linear and arranged at
an angle with respect to the incident plane. Second side 402b 1s lincar, 18 substantially
parallel to the mcident plane, and 1s substantially shorter than the first side. In addition,
third side 402¢ is curved. As shown in Fig. 4, portion 404 1s also defined by these three

sides.

As further shown in Fig. 4, the two or more sensors {represented by sensor 138}
are configured to detect one of the different segments, and the system includes another
two or more sensors {represented by sensor 408) configured to detect another of the
different segments. Scnsor 408 and the other two or more sensors may be further
configured as described hercin, In addition, the two or more sensors and the other two or

more seusors may be the same type of sensors or different types of sensors. For example,
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the two or more sensors and the other two or more sensors may be selected depending on
the amount of light expected to be directed to cach of the sensors. In addition, optical
clements such as those described further herein may be coupled to the other two or more
sensors. For example, as shown in Fig, 4, refractive optical element 410 may be
contigured to image light retlected by optical element 400 onto scusor 408 and any of the
other two or more sensors included in the system. The system shown in Fig, 4 may be

further configured as described herein

in these and any other embodiments described herein, gach channel may end up
with a different shape and extent, in pixels, of the point spread function on the
corresponding sensors. Therefore, in order to maximize the sensitivity to anomalies,
different analog and/or filtering techniques may be applied to each individual sensor
ouiput. In particular, the expected shape of the point spread function, based on the
Fourier planc apertures, can be caleulated in advance of an tnspection, and the

appropriate {ilter coethicients can then be apphed durimg the 1uspection.

In one such embodiment, the system is configured to alter or replace the optical
or more sensors and the other of the different scgments that is to be detected by the other
two or more sensors. For example, the system may include a flexible aperture collection
space in an arca mode inspection system with multiple contigurable channels., One
improvement of this area mspection system over other inspection systems is the selective,
and configurable, collection of surface scatier to enhance the detection of particles and
defects. The sysiern may be configured to alter or replace the optical element in any

suitable manner.

{n another embodiment, the system includes an optical element configured to
simultancously and separately divide the light scattered from each of the areas collected
in difterent segments of 4 collection NA of the collection subsyster, the two or more
scnsors are configured to detect one of the different segments using one portion of the

two or more sensors and to detect another of the different segments using a different
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portion of the two or more sensors, and the one portion and the other portion of the two
or more sensors do not overlap with each other and are not contiguous on the two or more
sensors. For example, the system may be configured for separating scattered light by
angle in the collection space and reimaging the light into two scparate patches on a single
senisor, In particular, the number of active pixels on the sensor may be controlled during
or before the scan etther 1n conjunction with or independent of the illumination shape and
extent. All or some of the elements on a particular sensor may be utihzed., One part of
one sensor, including a number of elements, may receive scattered light from one range
of solid angles, and another part of that sensor may receive scattered light from another
range of solid angles. For example, if a seusor includes 1000 x 1000 individual elements,
1000 x 500 of the clements may receive an image of the scattered light generated
between 40 and 60 degrees forward azimuth. The second half (1000 x 500} of the sensor
may receive an image of the scattered light from the surface generated between 120 and
160 azmuth. In some cases, portions of the scatiered light imaged onto the sensor
surface may be inveried, and other portions may remain ymnverted. One additional
configuration is to read the sensor data from both ends of cach column {e.g., row 1 and
row N} simultaneously, which in some sensors can effectively double the sensor data

rate.

Bach of the system embodiments described herein may be further configured as
described in International Apphication Publication No. 2012/082501 by Zhao ct al. filed

December 7, 2011, which ts incorporated by reference as if fully set forth heremn,
s ] Y )

In a further erobodiment, the system includes an additional two or more sensors
that include image intensifiers, the collection subsystem is configured to simultansously
and separately image the light scattered from each of the areas to the additional two or
more sensors, the additional two or more sensors generate additional output responsive to
the scattered light, and the computer subsystem is configured to detect the defects on the
waler using the additional cutput instead of the output when sensor electronic noise
domunates total chaunnel noise in the two or more sensors. For example, such an

erabodiruent roay include one or more flexible apertures as described above to optimize

23



(V3

16

L

WO 2013/009757 PCT/US2012/046084

performance, cost, and reliability of the sensors. In one such embodiment, the system
shown in Fig. § includes optical element 500 configured to simultaneously and separately
image the light scattered from each of the areas to an additional two or more sensors
{(ropresented in Fig. 5 by sensor 502). Optical eloment 500 may be further configured as
described herein. However, optical element 500 may also include a beam splitter that is
configured to transmit a portion of the scattered light across the entire collection NA of
the collection subsystem and to reflect a portion of the scattered light across the entire
collection NA of the collection subsysiern. For example, optical elernent 500 ruay be a
simiple 70/30 beam splitter. In addition, as described above, the sensor type and size for
gach channel may be selected based on the scattered background characteristics expected
in that channel as well as the defects of interest sensitivity requirements in that channel.
In some such cascs, when sensor electronic noise dominates the total channel noise, an
imtensified sensor may be desirable. However, when another noise source besides sensor
read-out notse dominates, a non-intensified sensor may be preferred. For example, the
additional two or more sensors (represented by sensor 502 wn Fig. 5) each include an
iroage intensifier (represented by image atensifier 504 1o Fig. 5), and the two or more
sensors (represented by sensor 130 in Fig. 5} may not include any image intensifiers.
Such a configuration may also be reversed such that the two or more sensors {represented
by sensor 130 in Fig, 5) cach includes an image intensifier (not shown in Fig. 5) and such
that the additional two or more sensors (represented by sensor 502 in Fig. 5) do not
inchude any image intensifiers. In this manner, various optical elements described herein
{c.g., a flexibic aperture and mirror arrangernent) may be used to direct hight to
mtensified sensor(s) when the hight 1s low and other non-intensified sensor{s) when the
tight 1s high. When the pownt spread function projected onto a particular sensor 13
expected to be large due to the spatial {filtering, a lower overall sensor resolution could be
permitted, 1o accordance with sampling theory. For example, in some channels, the
iiluminating patch on the wafer, when imaged through the collection optics and spatial
filter, may be approximately 2000 point spread functions in extent. In other channels,
with different spatial filters restricting the colicction NA, the image of the illuminating
patch on the water may be 1000 point spread {unctions in extent, Tn this way, the system

may be optimized with lower cost sensors in channels where other noise sources
¥
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dominate in order to reduce operating costs. Furthermore, intensified sensors generally

have shorter lifetimes than non-intensified sensors so this particular configuration allows

(4]

improved system reliability as well. The system shown in Fig. 5 may be further
configured as described herein. For example, as shown in Fig. 5, the collection
subsystern may include refractive optical element 506 that is configured to image the
scattered light from optical element 500 to the additional two or more scusors.
Refractive optical element 506 may be further configured as described herein, The

system shown in Fig. 5 may be further configured as described herein

Such an embodiment may also or alternatively include one or more flexible
apertures as described above to direct the scattered light to the most appropriate sensor.
For example, one sensor may be optimized for substantial light scattering while another
scnsor may be optimized for substantially low light scattering. In such a configuration, a
scnsor optimized for relatively low light scatter, ¢.g., an tmage intensified sensor, can be
damaged by substantial scatter and 1s not even vecessary to achieve optimal sensitivity
with relatively large background. As such, during sorue portions of a scan, the optical
clement may be configured to direct one portion of the scattered light to a sensor
optimized for substantial light scattering and to direct another, different portion of the
scattered light to a different sensor that is optimized for low-light scattering. Ina
different cxample, the optical clement may be configured to direct all of the scattered
light to only one of multiple sensors included 1n the system, and the sensor to which the

scattered light 1s directed may change during the scan.

In another embodiment, the system includes an additional two or more seusors
that are configured for photon counting, the collection subsystem is configured to
simultancously and separately image the light scattered from each of the arcas to the
additional two or more sensors, the additional two or more sensors generate additional
output responsive to the scattered light, and the computer subsystem is configured to
detect the defects on the wafer using the additional cutput. For example, such an
erabodimnent may include multiple flexible apertures as described above to optimize

performance, cost, and reliability of the sensors. In some such cases, so-called photon
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counting technigues may be employved for one or more of the sensors included in the
systemy. Such an embodiment may be configured as shown in Fig. 4 or § with the
additional two or more sensors (represented by sensor 408 or the combination of sensor
502 and image intensifier 504, respectively) replaced with sensors that are configured for
photon counting. The sensors that are configured for photon counting may be any

suitable such sensors known in the art, such as avalanche photo diodes.

In one embodiment, the systern includes a MEMS-based optical switching device
positioned between the collection subsystem and the two or more sensors. For examiple,
there exist relatively fast MEMS-based optical switching devices that can be
reconfigured between every laser pulse. One or more of these may be disposed at a
suitable location in the collection optics. For example, optical clements 400 and 500
shown in Figs. 4 and 5, respectively, may be replaced by a MEMS-based optical
switching device. The MEMS-based optical switching device may include any suitable

such element known in the art.

In one such embodiment, the system includes an additional two or more sensors,
the illumination subsystem is configured to simultaneously form the multiple
tilumination arcas using pulses of light, the light scattered from cach of the areas includes
pulses of scattered light, and the optical switching device is configured to direct a first set
of the pulses of scatiered light generated by a first sct of the pulses of light to the two or
more sensors and a second set of the pulses of scattered light generated by a second set of
the pulses of hight, subsequent to the first set of the pulses of light, to the additional two
or more sensots. For example, if optical elements 400 and 500 shown in Figs. 4 and 5,
respectively, are replaced by an optical switching device as described above, then the
additional two or more sensors represented by detector 408 in Fig. 4 and detector 502 in
Fig. 5 may be used for the additional two or more sensors in this embodiment. In this
manner, the optical switching device in the collection optics may direct alternate frames
onto alternate sensors to save cost. In this way, if a relatively high repetition rate laser is
available, but the data rate and/or frame rate of a particular sensor type is linuted, the

scattered hight generated by subsequent laser pulses can be directed to alternate sensors
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by reconfiguring the MEMS device tn between laser pulses. For example, scattered light
generated by a pulsed laser at frequency { may be directed to an electro-optic beam
splitter operating at frequency f. The electro-optic beam splitter may be used for
clatively fast switching of scattered light alternatively between two sensors, cach sensor
with an effective {rame rate of £/2. Therefore, if a sensor has a limited readout rate, and
the system does not allow two or more sensors to be placed side-by-side for cost,
packaging, or other reasons, then au optical switching element of some type can allow the
data rate to be multiplied {e.g., doubled, tripled, cic.) by directing the light onto differeunt
sensors as a function of time. Limitations of individual sensor components can be
overcome. Such emwvbodiments work particularly well with a (3-switched laser that has a
repetition rate of about 2 kHz to about 40 kHz {(e.g., low enough to admit the use of

optical switches}.

In another such embodiment, the dlurmnation subsysiern is configured to
simultancously form the maltiple tlumimation areas using pulses of light, the Light
scattered from each of the areas icludes pulses of scattered light, the optical switching
device is configured to simultancously and separately divide the pulses of scattered light
from each of the areas collected in different segments of a collection NA of the collection
subsystern, and the optical switching device is configured to direct only one of the
different segments of a first set of the pulses of scattered light generated by a first set of
the pulses of light to the two or more sensors and then to direct only another one of the
ditferent segments of a second sct of the pulses of the scattered light generated by a
second set of the pulses of light, subsequent to the first set of pulses of light, to the two or
more sensors. For example, one sensor could recetve and process different sections of
the scattering light hemisphere on subsequent laser shots. The MEMS device will be
configured to spatially select and direct particular bundles of scattered light to the sensor.

In particular, the MEMS device may be configured to function like optical clement 400
described above. The field size of the imaging objective can be reduced by at least a
factor of two with this configuration, which provides a substantial cost savings, even

after accounting for the extra expense of the switching device.
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In some embodiments, the illumination subsysten is configured to simultaneously
form the multiple Hhumination areas using pulses of light, the light scattered from each of
the arcas includes pulses of scattered light, and the two or more sensors are synchronized

in time relative to the pulses of light to detect only the pulses of scattered light with

(V3

predetermined arrival times, In one such embodiment, the pulses of scattered light with
the predetermined arrival tirnes include tluorescence or photoluminescence, For
example, the erabodirnents described herein may utilize camera shutter synchronization
to look for fluorescence, ete. In particular, each channel and/or sensor may be
synchronized tn time relative to the laser pulse to capture only photons with specific

10 arrtval times. In this way, time-dependent effects such as fluorescence or
photoluminescence may be observed independently of the scattered light generated by
classical means thereby providing additional information regarding the surface and/or

defects of interest,

L

In another ewsbodiment i which the multiple dlumivation areas are formed using
pulses of light, the sensor acquisition and scanning subsystem rotation and/or translation
rates may be synchronized to this pulse frequency (or vice versa} according to “flash on
the fly” techniques. Some spatial overlap between subsequent laser pulses can be

desirable as previously described.

In any of the embodiments 1o which the scattered hight 1s split between two or
more channels of the inspection system, each channel may mnclude separate anamorphic
optical element(s) positioned between the Fourier plane and the sensor{s) of the channels.

The separate anamorphic optical element(s) in each of the channels may be different and
25 may depend on the characteristics of the scattered light (e.g., the segment of the scattered

fight) that the channels are being used to detect.

Each of the embodiments described above may be further configured as described

herein,
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Another embodiment relates to another system configured to inspect a wafer.
This system includes an illumination subsystem configured to direct multiple light beams
to substantially the same arca on a water. The multiple light beams have substantially the
same wavelength and polarization characteristics. For example, two or more light beams
of the sare wavelength and polarization cannot be combined losslessly, but the two or
more light beams can be made parallel to each other (¢.g., using the folding mirrors
shown in Fig. 9). In some embodiments, the multiple light bears are laser beams. In
this manner, the illumination subsystem may have a multiple laser beam configuration,
in another embodiment, the multiple light beams are generated by only one single laser of
the illumination subsystem. For example, the multiple illumination beams used for area
mode may be generated within a single laser. Some lasers have frequency conversion
crystals whose lifetime can be limited by the intensity of the spot incident on the crystal.
With multiple simultancous imecident spots the lifetime of the crystal may be exiended. In
one such embodiment shown in Fig. 9, the tllumination subsysterm may include only one
single light source 900 that may be a laser. The laser way include any of the lasers

described herein or any other suitable laser known in the art.

Light from the light source may be directed to beam splitter 902 of the
tilumination subsystem, which is configured to split the light beam from the light source
into first light beam 904 and another light beam. The illumination subsystem may also
inchude beam splitier 906, which is configured to split the light beam from beam splitter
902 mto second light beam 908 and another light beam. Bearn splitters 902 and 906 may
mclude any suitable beam splitters known in the art, The lumination sabsystem may
also include reflective optical element 910, which 1s configured to reflect the light beam
from beam splitter 906 as third light beam 911 to refractive optical element 912 of the
tlumination subsystem. The tllumination subsystem may also include reflective optical
element 914 positioned in the path of the first light beam and reflective optical element
916 positioned in the path of the second light beam. Reflective optical elements 914 and
916 are configured to direct the first and sccond light beams, respectively, to refractive
optical clement 912 such that the first, sccond, and third light bearns are substantially

parallel to each other when they are fncident on refractive optical element 912, In this
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way, reflective optical elements positioned in the path of each of the light beams may
contro} the angle at which each of the light beams i3 directed to the refractive optical
clement and the refractive optical element controls the angle at which each of the light
beams is directed to the wafer. Reflective optical elements 9160, 914, and 916 may
inchude any suttable reflective optical elements known n the art, and refractive optical
clement 912 may include any suitable refractive optical clement known in the art. The

system shown in Fig. 9 may be further configured as described herein

in another embodiment, Light source 900, beam splitters 902 and 906 and
reflective optical elements 910, 914, and 316 may be replaced with a single light source
such as a laser from which nuultiple beams {(e.g., three) emanate. The multiple beams
emanating from the light source may be directed to refractive optical clement 912 at
substantially the same angle and then may be directed to wafer by the refractive optical

element. Such an ernbodiment may be further configured as described herein.

H two or more {e.g., three) light beams are arranged to be parallel to each other,
they can be focused by a lens (e.g., refractive optical element 912} to the same location
on the wafer. Such a configuration is allowed for spot sizes on the wafer of 1006 um or
more, For exanple, in some such embodiments, the illumination subsysterm may include
a lens (e.g., refractive optical element 912) configured to direct the multiple beams onto
the wafer, and the lens can have an NA of about 0.1 or higher so that it can focus a
number of relatively low NA wmput bearms sirnultaneously. In one such example, for an
dhumination subsysiern that includes a 266 nun laser, a spot size of about 100 um to about
I mm on the wafer requires only an NA of less than 0.01 to form the spot. Due to the
relatively low NA of the lens, all beams canp illuminate the same patch on the wafer with
approxinately the same size. In contrast, for the case of an approximately 1 um spot, the
lens NA would need to be 0.5 or greater, so a single lens could not inject multiple beams
of the same wavelength. In general, any number of beams or light sources may be used

by the illumination subsystoms described herein,
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In one embodiment, the multiple light beams are directed to the substantially the
same area on the wafer at substantially the same polar angles and different azimuth
angles. In this manner, the multiple light beams (c.g., laser beams) may illuminate the
wafer at nearly the same angle of incidence. For example, one laser beam may be
incident at 55 degrees polar angle and 0 degrees azimuth angle, and a second laser beam
may be incident at 55 degrees polar angle and 2 degrees azimuth angle, Nearly the same
angle of incidence and polarization vector may be used such that the scatteved hight
generated by each light beam has the same characteristic and polarization state to thereby
be effectively filtered in the collection subsystem. Light beams of identical wavelengths
cannot be combined and injected at the exact same angle, but injection within 5 degrees
of each other is possible and will result in nearly the same surface scatter characteristics
so that sensitivity will not be compromised. In another example, if the center beam is
incident on the wafer at about X degrees polar angle, the two other beams can be incident
on the wafer at about X-2 degrees polar angle and about X+2 degrees polar angle, for
exaraple, and there will be substantially hittle difference m the resulting surface scatter

from each of the beams.

In another embodiment, the nultiple light beams are directed to the substantially
the same arca on the wafer sinwultancously. For example, although the multiple light
beams have substantially the same wavelength and polarization characteristics, as
described above the multiple light beams can be simultancously divected to substantially
the same arca on the water simultancously by splitting light trom a single light source
wito multiple light beams that are directed to the wafer at slightly different azimuth and/or
polar angles or by using multiple light sources that produce raultiple Hght bears that are
directed to the wafer at slightly different azimuth and/or polar angles. Directing muitiple
fight beams having the same wavelength and polarization characteristics to the wafer

simultancously has a number of advantages described further herein.
In another embodiment, the multipie light bearns tHluminate the substantially the

same area on the wafer in arca tllununation mode. For example, the illumination

subsystem may have a multiple illumination bearn configuration for area mode. In some
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embodiments, the substantially the same arca on the wafer has a lateral dimension of
greater than 50 microns. For example, as shown in Fig. 10, multiple light beams 904,
908, and 911 may be directed to substantially the same area 1000 on water 114 by

ctractive optical element 912, Lateral dimension 1002, which is the shortest dimension
of substantially the same arca 1000, may be greater than 50 microns, In addition,
although substantially the same arca 1000 may have an clliptical shape on the wafer as
shown in Fig. 10, substantially the same area may have any other shape (e.g.,

rectangulary on the wafer deseribed further herein

{n another embodiment, the multiple light beams are pulsed light beams, and the
iilumination subsystem is configured to direct one of the multiple light beams to the
substantially the same arca on the wafer later than another of the multiple light beams is
directed to the substantially the same area by the illumination subsystem such that the
puised light bearns tlurminate the substantially the same area as one continuous pulse of
light having a doration longer thau cach of the pulsed light beams. In an additional
erabodiruent, the multiple light beawns are pulsed light beams, and the tlumination
subsystem ts configured to direct one of the muitiple light beams to the substantially the
same area on the wafer later than another of the multiple light beams 1s directed to the
substantially the same area by the illumination subsystem such that a peak pulse power
incident on the wafer due to the multiple light beams is less than if the nwltiple light
beams were directed to the substantially the same arca on the wafer at the same time, In
this manner, these embodiments have the advantage of effectively being able to stretch
out pulse duration, corapared to a single light beam. Iu the multiple illumination bear
configurations for area mode, the pulse daration may be streiched out to reduce the peak
pulse power incident on the wafer thereby reducing the probability of damaging the
wafer. In one particular example, assuming each of the lasers or light sources is a pulsed
light source with a repetition rate between about 2 kHz and 50 kHz and a pulsc duration
between about 10 nis and 200 ns, if all of the pulses are incident on the wafer at the same
time, then the energy density will be substantially high. But since the wafer is moving
substantially slowly compared to the pulse duration, the pulses can be spread out 1o timae

and still basically expose the sarue arca. For example, a fivst pulse may be incident on
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the wafer at time t0, a second pulse may be incident on the wafer at time t0 + 11, and a
third pulse may be incident on the wafer at time t0 + 2*t1. Therefore, as long as in the
time interval between the first and the last pulse (e.g., 2 * t! in the above example} the
wafer, as referenced to the sensor(s), has not moved by more than one sensor pixel, the
overall signal-to-noise will be approximately the same as if all of the pulses were incident
on the wafer at the same time, but the peak power density incident on the wafer will be

reduced 50 as to not damage the walfer,

{n another embodiment, the multiple light beams are generated by multiple lasers
of the tlumination subsyster. For example, the multiple tHhumination beams used for
arca mode may be generated from multiple lasers. In one such embodiment shown in
Fig, 12, the illumination subsystem may include lasers 1200, 1202, and 1204, which are
configured to generate light bearms 1206, 1208, and 1210, respectively. Lasers 1200,
1202, and 1204 may be identical lasers (i.¢., lasers having the sarne make and model).
Aliernatively, lasers 1200, 1202, and 1204 may be different lasers (1.e., lasers having
different makes and/or models), which generate light bearns having the same wavelength
and polarizations characteristics as each of the other light beams. As shown in Fig. 12,
cach of the light beams may be directed to wafer 114 by a single refractive optical
clement {e.g., refractive optical element 912}, which may be configured as described
above. The light beams shown in Fig. 12 may be directed to the wafer as described
turther herein {(¢.g., simmultancously or sequentially). In addition, the system shown in

Fig. 12 may be further configured as described herein.

{n sowe embodiments, the raultiple hight bears include one light beam generated
by a light source of the illumination subsystem and another light beam formed by
collecting light reflected from the substantially the same arca on the wafer and directing
the collected reflected light back to the substantially the same area on the wafer. Such an
embodiment may be similar in function to using multiple light sources to produce the
multiple light beams. For example, the multiple llumination beams used for area mode
may be generated by recireulating maultiple passes of the same light beam (by collecting

the reflected light beam from the wafer and redirecting the Hight bearu back ounto the
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wafer). In this manner, reflected light from a first pass may be collected and reformed
into a second beam incident on substantially the same location of the wafer. In the
multiple pass light beam option, the power available for cach subsequent iHlumination
pass will be reduced by the surface reflectivity and recirculating optics efficiency
{therefore, most hikely two additional beams 1s realistic although more recycled beams
are certainly possible), but the etfective illumination power can be enhanced by a factor
of 50% or more. Note, that 1u general, these multi-beam technigues are challenging to
unpleruent on line or spot inspection systems as opposed to the systems described herewn,
e alternate Hhumination option is to use multiple laser beams of different wavelengths,

{0 enable the more efficient detection of defects.

{n one such embodiment, as shown in Fig. 13, the multiple light beams may
include light bearn 1300 generated by a light source (not shown in Fig, 13) of the
iilumination subsystem. Light bearn 1300 may be gencrated by any of the light sources
described herein. As showu in Fig. 13, light beam 1300 is directed to wafer 114 by
refractive optical element 1302, which may be counfigured as described further herein
{c.g., with respect to refractive optical element 9123, Light 1304 specularly reflected
from the substantially the same area on the wafer is collected by reflective optical
clement 1306 of the illumination subsystem, which directs the collected reflected light
beam to beam re-forming optics 1308, Reflective optical element 1306 may include any
suitable reflective optical clerment, and beam re-forming optics 1308 may include any
suitable beam forming elements {e.g., anamorphic optical elements, field stops, spatial
filters, polarization filiers, and the like). Beam re-fornung optics 1308 divect the
collected reflected Hght beam to reflective optical element 1310, which directs the
collected reflected light back to the substantially the same area on the wafer as light beam
1312, For instance, as shown in Fig. 13, light 1314 specularly reflected from wafer 114
may be collected by reflective optical clement 1306, which directs the collected reflected
light beam to beam re-forming optics 1308, Beam re-forming optics 1308 directs this
collected reflected hight back to the substantially the same arca on the wafer as light beam
1316, The portion of the illumination subsystem shown in Fig, 13 may be mcluded in

any of the system embodiments described and shown herewn,
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In one embodiment, the illumination subsystem includes a frequency conversion
laser, the multiple light beams include pulses of light, and the pulses of Light directed to
the substantially the same arca on the wafer do not vary spatially over the duration of the
pulses of light and have substantially constant infensity over the duration of the pulses of
light. In one such embodiment, the tlumination subsystem includes a beam shaping
optical element coupled to the laser. In avother erubodiment, the illununation subsystem
wmechades a frequency conversion laser, the multiple light beams include pulses of light,
and the pulses of light directed to the substantiaily the same area on the wafer have
substantially constant intensity over the duration of the pulses of light. Such

embodiments may be further configured as described herein.

The system also mcludes a scanning subsystem configured to scan the multiple
light bearns across the wafer. The scanning subsystem may be further configured as
described herein. In addition, the system mncludes a collection subsystern configured to
irnage hght scattered from the substantially the same area ou the wafer to a sensor. The
sensor generates output responsive to the scattered light. The collection subsystem and

the sensor may be further configured as described herein.

A zoom lens group within the collection optics allows for different size arcas on
the wafer to be imaged onto the same sensor {or sensors) depending on the speed of
inspection and/or the sensitivity of mspection required. When a relatively fast inspoction
{roove waflers per hour) is desired, a larger area of the wafer {say 2 mam x 2 mmy} s
umaged onto a sensor (or sensors) of fixed size. When a higher sensitivity (typically
fower speed} inspection is desired, a smaller area is imaged onto the sensor(s} after a
magnifying element is inserted into or moved in the collection optics path. This change
in speed or sensitivity can in general be performed both during an inspection and before
an inspection. The area of the illumination spot is simultancously increased to expose the
appropriate region. The mteusity of the llumination spot preferably stays the same when
the llumination spot arca changes although 1t may be increased to frprove inspection

sensitivity to the extent that laser-induced damage can be avoided (the multiple-beam
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techniques described previously can reduce the probability of laser induced damage}.
Alternatively, a smaller zoom factor in the collection optics may be employed in
conjunction with a larger illuminated area, and additional sensors may be used to image
this larger portion of the wafer thereby improving mspection speed while maintaining

inspection senstivity,

In one embodiment, the collection subsystem includes a scattered light collector
having a resolution that is not fully diffraction-lirnited. Such an embodiment may be

further configured as described herein.

in some embodiments, the illumination subsystem is configured to vary the
nultiple light beams directed to the substantially the sane area on the wafer as a function
of time, the collection subsyster 1s configured to image the light scattered from multipie
arcas on the wafer to the sensor, and the sensor and a light source of the illumination
subsystem are gated o sync with one ancther, In this manner, the system may be
configured for time-domain multi~spot inspection n area mode. For example, the
iillumination profile may not only be varied as a function of position as described above,
but also as a function of time. Scattered light from different portions of the wafer may be
received by the same sensor, and it may be advantageous to gate the illumination and the
sensor together (which we will refer to as time-domain multi-spot} in order to improve
throughput, defect capture, or lessen the probability of surface damage. The different
tlurmnation profiles in time can be generated by lasers or laser bearns incident on the
wafer from different azimuth and/or polar angles. One substantial advantage of time-
dormain multi-spot inspection, relative 1o mspecting the same wafer twice with two
different optical configurations, is the fixed time overhead assoctated with inspecting
each wafer, for example, loading, unloading, registering, acceleration, and deceleration is

only applied once, thereby increasing overall throughput.
In one such embodiment, the multiple light bearms are directed to the substantially

the same arca on the wafer at ditferent azimuth angles, different polar angles, or differcut

azimuth and polar angles. For example, although as described above, the multple light
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beams may be simultancously directed to the substantially the same area on the wafer at
different azimuth angles and the same polar angles, both the azimuth and polar angles at
which the multiple light beams are directed to the wafer can be varied {(e.g., by altering a
position of the reflective optical elements shown in Fig. © or the multiple light sources

shown i Fig. 12) over time.

{n another such embodiment, the illamination subsystem is configured to alier the
wavelength and polarization characteristics of the multipie hight beams, and the multiple
fight beams directed to the substantially the same area on the wafer as the function of
time have different wavelength characteristics from each other, different polarization
characteristics from each other, or different wavelength and polarization characteristics
from cach other. For cxample, although as described above, the multiple light beams
may have the same wavelength and polarization characteristics, both the wavelength and
polarization characteristics of the multiple light beams can be varied over time (e.g.,
using one or more polarizers having time-dependent polarization charactenstics (e.g., due
to rotation of the polarizer(s)) and/or using one or more wavelength filters having time-

dependent wavelength characteristics).

in one embodiment, the multiple light beams include pulses of light, the scattered
light inchudes pulses of scattered light, and the sensor is synchronized in time relative to
the pulses of the light to detect only the pulses of scattered light with predetermined
arrival times. In one such embodituent, the pulses of scattered light with the
predetermined arrival times include fluorescence or photoluminescence, Such

embodiments may be funther configared as described herein.
The system further includes a computer subsystem configured to detect defects on
the wafer using the output of the sensor. The computer subsystem may be configured as

described further herein.

For substrates where the scattering intensity of the entire surface exceeds a

predetermined value 1o one or more of the collected Hght scattering channels, optical
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attenuation or the optical or electronic gain of the particular sensors associated with those
channels may be adjusted prior to inspection to maximize inspection sensitivity or

dynamic range.

In one embodiment, the multiple light beams are pulsed light beams, the
tthurmnation subsystem is configured to direct a {irst of the multiple light beams to the
substantially the same area oun the water earher 1o time thao a secoud of the multiple hight
beams is divecied to the substantially the same area by the illamination subsystem, the
first and second of the multiple light beams have different shapes and sizes on the wafer
from cach other, and the computer subsystem is configured to use the output responsive
to the scattered light from the substantially the same area duc to illumination by the first
of the nmltiple light beams to determine if the second of the multiple light beams shouid
be directed to the substantially the same area. Such an embodiment may be advantageous
because the leading beam (¢.g., the first multiple light beam) may be used to sense
relatively large particles on the wafer thereby preventing damage to the wafer that can be
caused by tHuminating the relatively large particles with the roain spection beam (e.g.,
the second multiple light beam). In addition, the leading beam may be used to detect if
the haze on the water is getting too high thereby preventing damage to the sensor that can
be caused by light scattering due to the haze that could exceed the damage threshold of
the sensor or the usable dynamuic range of the sensor. Fig. 11 shows one example of a
sccondary beam tllurminating spot 1100 on wafer 1102 ahead of spot 1104 iHurminated by
the main inspection bearn, The relatively thin spot of the secondary beam has the
advantage of not increasing the optics field of view very much. As shown 1 Fig. 11, the
two beams may have markedly different profiles, in time and in space, on the water, The
direction of travel of the spots on the wafer 13 indicted by arrow 1106, As described
further herein, the light scattered from the illumination area of the inspection beam may
be imaged onto multiple sensors, and the iHlumination used for the inspection beam may
be pulsed illumination. Depending on the scattered light from the secondary beam, the
computer subsystem may produce a trigger that 1s a signal to the light source to not 1ssue

a pulse that would be used for the inspection beam,
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The scattered light from the substantially the same area due to tllumination by the
first and second of the multiple light beams may be detected by the same sensor.
However, the scattered light from the substantially the same area due to illumination by
the first and second of the multiple light beams may be detected using different sensors.
In this case, the sensor described above would be used to detect the scatiered light from
the substantially the same ares due to dlumination by the second of the multiple hight
beams, and another sensor would be used to detect the scattered hght from the
substantially the same area due to Ylurmnation by the first of the multiple light beams,

The other sensor may be further configured as described herein

in this manner, elements of the system used for inspection {(or an additional
optical subsystem included in the system) may be configured to detect relatively large
defects or other light scattering events, prior to scattered light from these cvents being
incident on the arca inspection sensor(s). For example, substantial amounts of scattered
Hight may satarate or damage an image seusor or exceed the capabiity of the sensor to
quantitatively measure the scatter. It is preferable to redace the incident intensity prior to
the inspection of a scatiering area. The system (or the additional optical subsystem)
scans the wafer in advance of the main imspection spot and corresponding sensor area,
and if substantial scattered light is detected, a control signal reduces (e.g., eliminates} the
power incident on that area of the surface. Alternatively, attenuation of the scattered
light may be added in the collection subsystem, or the optical or electronic gain of the
sersors or intensified elements may be adjusted temporarily {e.g., using electro-optic

shutter{s}).

in one such embodiment, the Hlumination subsystem includes a Q-switched laser,
and if the computer subsystem determines that the second of the multiple light beams
should not be directed to the substantially the same area, then the computer subsystem
prevents the second of the multiple light beams from illuminating the substantially the
same aread. For example, as described above, depending on the scatiered light from the
sccondary bearn, the computer subsystem may produce a trigger that s a signal to the G-

switched laser to not issue a pulse that would be used for the inspection beam. However,
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the computer subsystem may prevent the second of the multiple light beams from
illuminating the substantially the same area without controlling the Q-switched laser. For
cxample, the computer subsystem may control an optical clement such as a relatively fast
clectro optic shutter coupled to the Q-switched laser such that the optical clement
prevents a pulse gencrated by the Q-switched laser from illuminating the substantially the
same arca. In addition, the embodiments described above may be implemented with

other pulsed hight sources such as a CW laser or a mode locked laser.

{n another embodiment, the multiple light beams are pulsed light beams, the
ilumination subsystem is configured to direct a first of the multiple light beams to the
substantially the same arca on the wafer carlier in time than a second of the multiple light
beams is directed to the substantially the same arca by the tllumination subsystem, the
first and second of the multiple light beams have different shapes and sizes on the water
from ecach other, and the computer subsystem 18 configured to use the output responsive
to the scatiered light from the substantially the same area due to ithumination by the first
of the multiple light beams to determine a power of the second of the multiple hight
beams that should be directed to the substantially the same area. The power of the
second of the multiple light beams determined by the computer subsystem may be zero
power, full power, or some partial power of the second light beam. For example, if the
scattered light due to the first light beam indicates a relatively large particle on the wafer,
then the computer subsystem may determine that the second light beam should be
directed to the wafer at zero or partial power to provent the particle from disintegrating
due to heating by the full power of the second hght beamn. Alternatively, if the scattered
tight due to the fivst light beam indicates that no relatively large particles are ou the
wafer, then the computer subsystern may determine that the second light beam should be
directed to the wafer at full power to enable detection of relatively small particles. Such

an embodiment may be further configured as described herein.
In one such embodiment, the illumination subsystem includes a Q-switched laser,

and the corputer subsystem atienuates a power of the Q-switched laser based on the

determined power. For example, the computer subsystem may be coupled to the (-
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switched laser in any suitable manner such that the computer subsystem can control the

power of the laser to match the power determined by the computer subsystem,

in one such embodiment, the computer subsystem is configured to monitor a

(V3

power of the second of the multiple light bearns that 15 actually directed to the
substantially the same ared to normalize the power of the second of the multiple Light
beams that is actually directed to the substantially the same area. lu this mauner,
software and hardware may be used for normalization of pulse-to-pulse laser energy
vartations. Such an embodiment is advantageous since the pulse-to-pulse energy

10 variation of a (J~switched laser may not be insubstantial.

Although the systems described herein may normalize the system for changes in
the laser pulse energy by attenuating the power of the hight beams that are directed to the

substantially the same arca, the systems described herein may also or alfernatively

L

normalize the system for the laser pulse energy changes by detecting the energy of the
laser pulses and normalizing the gain of a sensor based on the detected energy and/or

normalizing the output produced by the sensor using the computer subsystem.

in one embodiment, the system includes an optical clement configured to separate
26 the scattered light collected in different segments of a collection NA of the collection
subsystern, the sensor is configured to detect one of the different segments, and the
system includes another sensor configured to detect another of the different segments. In
one such emabodiment, the system is configured to alter or replace the optical elerent
depending on the one of the different segments that s to be detected by the sensor and
25 the other of the different segments that is to be detected by the other sensor. Such

embodiments may be configured as further described and shown herein.

{n another embodiment, the system includes an optical element configured to
scparate the scattered hght collected in different segments of a collection NA of the
30 collection subsystom, the sensor 1s configured to detect one of the different segments

using one portion of the seusor and to detect another of the different segments using a
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different portion of the sensor, and the one portion and the other portion of the sensor do
not overlap with each other and are not contiguous on the sensor. Such an embodiment

may be configured as further described and shown herein.

In some embodiments, the system includes an additional sensor that includes an
image intensificr, the collection subsystem 1s configured to image the hight scattered from
the sabstantially the same area oun the wafer to the additional sensor, the additional sensor
generates additional output respousive to the scattered light, and the computer subsystem
is configured to detect the defects on the wafer using the additional output instead of the
output when sensor electronic noise dominates total channel noise in the sensor. Such an

embodiment may be configured as further described and shown herein.

In another embodiment, the system includes an additional sensor that is
configured for photon counting, the collection subsystem 1s configured fo image the light
scattered from the substantially the same area on the wafer to the additional sensor, the
additional sensor generates additional output responsive to the scatlered light, and the
computer subsystem is configured to detect the defects on the wafer using the additional

output. Such an embodiment may be configured as further described herein.

in one embodiment, the system includes a MEMS-based optical switching device
positioned between the collection subsystem and the sensor. In one such embodiment,
the system includes at least one additional sensor, the multiple hight beams inclade pulses
of light, the scattered light includes pulses of scattered light, and the optical switching
device is configured to direct a first of the pulses of scattered light generated by a first set
of the pulses of light to the sensor and a second of the pulses of scattered light generated
by a second set of the pulses of light, subsequent to the first set of the pulses of hight, to
the at least one additional sensor. In another such embodiment, the nwltiple light beams
inchude pulses of light, the scattered light inclhades pulses of scattered light, the optical
switching device is configured to separate the pulses of scattered light collected in
different segments of a collection NA of the collection subsystem, and the optical

switching device is coufigured to divect only one of the different segments of the pulses

42



(V3

16

L

WO 2013/009757 PCT/US2012/046084

of scattered light generated by a first set of the pulses of light to the sensor and then to
direct only another one of the different segments of the pulses of scattered light generated
by a second set of the pulses of light, subsequent to the first set of the pulses of light, to

the sensor. Such embodiments may be configured as further described and shown herein.

In one embodiment, the multiple light beams include pulses of light, the scattered
light includes pulses of scattered hight, the scauning subsystem is configured to scan the
pulses of light across the wafer by rotating the wafer, and when the pulses of hight are
being scanned across a center region of the wafer, the illumination subsysten is
configured to direct the pulses of light to the substantially the same arca on the water less
often than when the pulses of Hight are being scanned across the wafer outside of the

center region. Such an embodiment may be configured as further described herein.

In another embodiment, the multipic light beams include pulses of light, the
scattered light includes pulses of scattered hight, the scanning subsystem is configared to
scan the pulses of light across the water by rotating and translating the wafer, the sensor
includes an area sensor, when the pulses of light are being scanned across a center region
of the wafer, the scanning subsystem scans the pulses of light across the wafer in one or
more non-curved lines, and when the pulses of light are being scanned across the wafer
outside of the center region, the scanning subsystem scans the pulses of Hight across the
wafer in a spiral fashion. Such an embodiment may be configured as further described

herein.

Each of the embodiments of the system described above may be further

configured as described herein.

An additional embodiment relates to a system configured to inspect a wafer. This
system includes an ithumination subsystem configured to direct a first of multiple pulsed
light bearns to an arca on a wafer carlier in time than a second of the multiple pulsed light
bearns 1s directed to the area by the tllumination subsystern. The first and second of the

multiple pulsed light beams have different shapes and sizes on the wafler from each other.
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The first and second of the multiple pulsed light beams have different wavelengths from
cach other, different polarizations from each other, or different wavelengths and
polarizations from each other. This illumination subsystem may be configured as

described and shown further herein.

The system also includes a scanning subsysterm configured to scan the multiple
pulsed light beams across the wafer. This scanning subsystem may be configured 1o this
manner as described and shown further hereim. Tn addition, the systero includes a
collection subsystem configured to image light scattered from the area on the wafer to
one or more sensors. The one or more sensors generate output responsive to the scattered
light. The collection subsystem and the one or more sensors may be configured as

described and shown further herein.

The system further includes a computer subsystem configured to detect defects on
the wafer using the output of the one or more sensors and 1o use the output responsive to
the scattered light from the arca due to illumination by the first of the muldtiple pulsed
light beams to determine a power of the second of the multiple pulsed light beams that
should be directed to the arca. The computer subsystem may be configured as described

and shown further herein.

In one embodiment, the illumination subsystem includes a Q-switched laser, and
the computer subsystem attenuates a power of the (Q-switched laser based on the
determined power. lu another embodiment, the illumination subsystem juctades a Q-
switched laser, and if the determived power 1s zero, then the computer subsystem
prevents the J-switched laser fronm generating the second of the multiple pulsed light
beams that would ilhuminate the area. In an additional embodiment, the computer
subsystem s configured to monitor a power of the second of the multiple pulsed light
beams that is actually directed to the area and to alter one or more parameters of the
system based on the power directed to the area to normalize the power of the second of
the multiple light beams that is actually directed to the arca. Such embodiments may be

configured as funther described herein.
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Each of the embodiments described above may be further configured as described

herein.

A further emabodiment relates to another system configured fo inspect a wafer.
This systern includes an illumination subsystem configured to direct pulses of light to an
area on a wafer, The ilumination subsystem may be configured as described and shown

further herein.

in one embodiment, the lumination subsystem includes a frequency conversion
laser, the pulses of light directed to the arca on the wafer do not vary spatially over the
duration of the pulses of light and have substantially constant intensity over the duration
of the pulses of light, and the pulses of light iHlurninate the area on the wafer in arca
iilumination mode. In one such embodiment, the tllununation subsystem inchudes a beam
shaping optical element coupled to the laser. In another embodiment, the dlumination
subsystem includes a frequency conversion laser, the pulses of Hight directed to the area
on the wafer have substantially constant intensity over the duration of the pulses of light,
and the pulses of hight iluminate the area on the wafer in area Hlumination mode. These

embodiments may be configured as further described herein.

The system also includes a scanning subsystem configured to scan the pulses of
light across the wafer. The scanning subsystem may be configured as described and

shown [urther herein,

In one embodiment, the scanning subsystem ts configured to scan the pulses of
fight across the wafer by rotating the wafer, and when the pulses of light are being
scanned across a center rogion of the wafer, the illumination subsystem is configured to
direct the pulses of light to the arca on the wafer less often than when the pulses of light
arc being scanned across the wafer outside of the center region. Such an embodument

may be configured as further described herein.
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In another embodiment, the scanning subsystem is configured to scan the pulses
of light across the wafer by rotating and translating the wafer, the sensor includes an area
sensor, when the pulses of light are being scanned across a center region of the wafer, the
scanning subsystem scans the pulses of light across the wafer in one or more non-curved
lines, and wheu the pulses of light are being scanned across the water outside of the
center region, the scanning subsystem scans the pulses of light across the waler in 4 spiral

fashion. Such av embodiment may be configured as further described herem.

Laser repetition rates of 1KHz and higher are generally acceptable. (One obvious
disadvantage of relatively high repetition rate or CW lasers on a rotating area inspection
system is the undesirably high data rates required to avoid the smearing of images during
a single sensor acquisition cycle. However, lower repetition rates can increase the
probability of wafer damage. Some wafers (¢.g., those including organic films) are more
easily damaged. For the same average laser mtensity incident on a wafer, a lower
repetition rate will more likely damage the wafer than a higher repetition rate, if non-
Huear heating effects are ignored. With a relatively low repetition rate, the intensity of
the laser itllumination can be spread out over a larger area thereby reducing the damage
probability but the optics field of view, and potentially sensor size, requirements will
increase and add substantial cost to the system. The maximum laser repetition rate, with
one laser pulse per frame, can also be constrained by the maximum sensor frame rate.
The sensor frame rate, however, could potentially be increased by decreasing the number

of active pixels or elements on the sensor.

To avoid surface damage while improving sensitivity, multiple laser pulses per
area on the wafer may be used. The sample is still moved continuously but a large
overlap in exposed areas exist between subsequent light source pulses. In this case, the
sensor speed (frame rate} can be increased to mamtain the inspection throughput. The
scattering signals generated by cach individual laser pulse could be read from the sensor,

registered, overlaid, and processed in the post-sensor hardware or sofiware.
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Alternatively, the system includes a collection subsystem configured to image
pulses of light scattered from the area on the wafer to a sensor. The sensor is configured
to integrate a number of the pulses of scattered light that is fewer than a number of the
pulses of scattered light that can be imaged on the entire arca of the sensor. In this
manner, the sensor may be run in partial TDI mode/partial CCD mode. For exaruple,
sensor may be run in TDI mode to effectively optically integrate one or two {or another
suitably small number of) pulses. In some embodiments, the number of pulses mtegrated
by the sensor is one pulse of the scattered light, and the sensor mtegrates for the duration
of the one pulse of the scattered light and then transfers any charge responsive to the one
pulse of the scattered light oftf of the sensor. With only a small number of pulses, the
“smearing” effect of a rectangular sensor operating on an r-theta inspection system can
be limited. For example, the number of pixels that arc integrated may be only 2 or 3
pixels, which may be achieved by limiting the number of pixels that are integrated, which
is different from the manuer integration is normally performed using sensors (¢.g., the
pixels over the whole seusor are normally integrated). The scusor is coufigured to
generate output responsive to the integrated pulses of scattered hght. The collection
subsystem and the sensor may be further configured as described and shown herein.

Such an embodiment may also be configured as deseribed in U.S. Patent Application
Serial No. 61/56%,611 by Chaung et al. filed December 12, 2011, which is incorporated

by reference as if fully set forth herein.

In one embodiment, the collection subsystem ncludes a scattered light collector
5
having a resolution that is not fully diffraction-lirnited. Such an embodiment may be

further configured as described herein

In one embodiment, the scanning subsystem ts configured to scan the pulses of
light across the wafer by rotating and translating the wafer sinmultancously, and the sensor
includes a rectangular array of pixels. For example, as shown in Fig. 14, sensor 1400

may include a rectangular array of pixels 1402,
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In another embodiment, the collection subsystem inclhudes one or more
anamorphic optical elements configured to image all of the scattered light in one of the
pulses of scattered light to only one pixel of the sensor. For exampie, the anamorph ratio
of the optics inclhuded in the collection subsystem may be changed to collect all light onto
one pixel. One other way to solve the problem of the laser pulse extending across 4
number of pixels due to the duration of the laser pulse 18 to have a magnifying optic that
magnifies the smeared image of the spot such that it ends up being round on the sensor
wmstead of elliptical. One of the optical axes would bave a different magnification than
the other axis. Apart from the issue of finite duration laser pulses, these anamorphic
optical configurations can also be used to match channels that employ optical sensors of

different aspect ratios, resolutions, and/or sizes.

In an additional embodiment, the sensor integrates unidirectionally for the
duration of a pulse of the scaticred light and then bidirectionally transters any charge
respousive o the pulse of the scattered light off of the sensor. For example, as showu in
Fig. 14, the sensor may integrate umdirectionally 1o one direction shown by arrow 1404
and then transfer any charge bidirectionally as shown by arrow 1406, As further shown
in Fig. 14, the direction of integration may be perpendicular to the directions of charge
transfer. In this manner, the sensor may integrate during the duration of the pulse, then

everse the charge transfer direction on the sensor. In addition, the sensor may be a
CCD, and many CCDs allow charge to be trausferred off both sides of the CCDs thereby
effectively doubling the data rate. However, the laser spot only smcars towards one of
the sides of the sensor. Therefore, if you integrate unidirectionally, then stop once the
laser pulse s complete, and then shift charge off bidirectionally, you get most of the data

rate/throughput advantage while still optically integrating all the light.

in some embodiments, the sensor includes an image intensifier and an arca
sensor, and the sensor integrates for the duration of a pulse of the scattered light and until
all phosphor cuergy of the image mteusifier corresponding to the pulse of the scattered
light has completely decayed. In such embodiments, the scusor may be a TDI sensor, a

CCD or a CMOS sensor. For example, if a sensor is detecting the output of an image
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intensifier, the image tntensifier includes a phosphor (like a TV} that takes a rejatively
long time to decay. Oune can integrate the pixels of a sensor for as long as necessary to
collect all this phosphor energy, then start transferring charge (in the case of a CCD} or
cading out the pixel voltage (in the case of 2 CMOS). Obviously, this will cost the
throughput of watting for the phosphor to decay, but at least all the encrgy will be
collected in a small number of pixels. Such an embodiment may be further configured as

deseribed and shown herein,

In one embodiment, the sensor is synchronized in time relative to the pulses of
fight to detect only the pulses of scattered light with predetermined arrival times, Inone
such embodiment, the pulses of the scattered light with the predeternuned arrival times
inchude fluorescence or photolunminescence. Such embodiments may be further

configured as described and shown herein,

The system further wncludes a computer subsystern configured to detect defects on
the wafer using the output generated by the sensor. The coruputer subsystem may be

further configured as described and shown herein.

in one embodiment, the system includes an optical clement configured to separate
the pulses of the scattered light collected in different segments of a collection NA of the
collection subsystem, the sensor 1s configured to detect one of the ditferent segments, and
the system imcludes another sensor configured to detect another of the different segments,
In one such embodument, the system 1s configured to alter or replace the optical element
depending on the one of the different segments that s to be detected by the sensor and

the other of the different segments that s to be detected by the other sensor. Such

embodiments may be further configured as described and shown herein.

{n one embodiment, the system includes an optical element configured to separate
the pulses of the scattered light collected in different segments of a collection NA of the
collection subsystem, the sensor is configured to detect one of the different scgments

using one portion of the seusor and to detect another of the different segments using a
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different portion of the sensor, and the one portion and the other portion of the sensor do
not overlap with each other and are not contiguous on the sensor. Such an embodiment

may be further configured as described and shown herein.

In some embodiments, the system includes an additional sensor that includes an
image intensificr, the collection subsystem 1s configured to image the pulses of light
scatiered from the area on the wafer to the additional sensor, the additional sensor
generates additional output respousive to the pulses of scattered hight, and the computer
subsyster 18 configured to detect the defects on the wafer using the additional output
instead of the output when sensor electronic noise dominates total channel noise in the

sensor. Such an embodiment may be further configured as described and shown herein.

In an ernbodiruent, the system includes an additional sensor that 1s configured for
photon counting, the collection subsysterm is configured to image the pulses of light
scattered from the arca on the waler to the additional sensor, the additional sensor
generates additional output responsive to the pulses of scattered light, and the computer
subsystem ts configured to detect the defects on the wafer using the additional output.

Such an embodiment may be further configured as described and shown herein.

in some cmbodiments, the system includes a MEMS-based optical switching
device positioned between the collection subsystem and the sensor. In one such
embodiment, the systemn meludes at least one additional sensor, the optical switching
device s configured to direct a first of the pulses of scattered hight generated by a fivst of
the pulses of hight to the seusor and a second of the pulses of scattered light geuerated by
a second of the pulses of light, subsequent to the first of the pulses of light, to the at least
one additional sensor. In another such embodiment, the optical switching device s
configured to separate the pulses of scattered lght collected in different segments of a
collection NA of the collection subsystem, and the optical switching device is configured
to direct only one of the different segments of the scattered light generated by a first of
the pulses of light to the sensor and then to direct only another one of the different

segments of the scattered light geverated by a second of the pulses of light, subsequent to

50



(V3

16

L

WO 2013/009757 PCT/US2012/046084

the first of the pulses of light, to the sensor. Such embodiments may be configured as

further described and shown herein.

Bach of the embodiment described above may be further configured as described

herein.

Another embodiment relates to a system configured to inspect a wafer. This
system inchudes an ithuroination subsystem configared to direct light to an arcaon a
wafer. This illumination subsystem may be configured as deseribed and shown further
herein, The systen also includes a scanning subsystem configured to scan the light
across the wafer. This scanning subsystem may be configured as described and shown
further hercin. In addition, the system includes a collection subsystem configured to
irmage hight scattered from the arca on the wafer to a sensor. The sensor s contigured to
generate output responsive to the scattered light, The coliection subsystem and the

sensor may be configured as described and shown further herein,

The system further includes a computer subsystem configured to detect point
defects on the wafer using the output generated by the sensor, to determine a size, in
pixels, of the point defects, to determine a focal condition of the system based on the size
of the point defects, and to alter one or more parameters of the system based on the focal
condition. In this manner, the sysiern may perforn autofocus by looking at the pomt
spread function of defects. In other words, one potential means of determning the height
of the wafer is to look at the size of poiut defects, 1o pixels, being detected by the actual
wmspection process. As such, the embodiments described herein may be configured for
measuring focus conditions with an inspection algorithm. In particular, since many
defects detected on an unpatierned inspection system will be point defects on top of a
substantially small background, the algorithm that detects these defects, imaged onto a
2D sensor, can also characterize the size of these defects. 1f the defects are larger than
that specified by the systern calibration, this can correspond to a defocus condition. For
exarnple, as shown mn Fig. 15, defects 1500 imaged onto two-dimensional sensor 1502

will have one size when the system is wn focus, and defects 1504 imaged outo the same
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two-dimensional sensor 1502 will have a different (e.g., larger) size when the system is
out of focus. Such embodiments can render a separate autofocus sensing system

unnecessary or an existing autofocus sensing system can be made simpler.

The one or more parameters of the sysiern that are altered by the computer
subsystern may nclude position of the inspection tHlumination, position of tllununation
optics, collection optics, wafer height, tilt of walfer, tilt of chuck, or temperature and/or
pressure within the 1uspection system. The oue or raore parameters may be allered using
a feed forward technique. The depth of focus of the system can depend on the apertures
and/or polarizers present in the collection optics between the wafer and the sensor(s) as
mentioned above, and the system operation can be configured to account for these
various inspection modes developed to optimize the inspection of different types of

walers.

Determmning the height of the wafer based on the size of point defects 1s most
advantageously done in an unpatterned inspection application. In a patterned wafer
inspection application, there are many different structures on the wafer that scatter hight
onto the sensor. Each of these structures may be of a size smaller or larger than the
imaging lens point spread function. It would be difficult to ascertain which scattered
light pattern(s) in any particular sensor frame would provide the proper autofocus error
signal, On the other hand, in an unpatterned inspection application, many defects are
point defects, and are sized substantially sinaller than the imaging system point spread
function {(which may be approxiruately 250 to 300 w), and therefore, all will appear ou
the sensor to be nearly the exact size of the point spread function. Tun this case, deviations

can be easily calculated.

{n one embodiment, the computer subsystem is configured to determine the focal
condition and alter the one or more parameters during an inspection process performed
on the water. In this manner, the computer subsystern can control the focus in situ and
thereby keep the wafer in focus during the inspection process, The computer subsysterm

can be configured in any suitable manner to perform 1u situ control.
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In another embodiment, the system includes an additional subsystem configured
to direct other light to an additional area on the wafer in advance of the light being
directed to the area by the illumination subsystem, the additional subsystem includes an
additional sensor configured to detect light scattered {rom the additional area, and the
computer subsystem is configured to alter a power of the light being directed to the area
by the thumination subsystern based on the detected light scattered frovn the additional
area. The area and the additional area may be configared as shown in Fig. 11 except in
this embodiment the arca and the additional area do not necessarily have different sizes
and shapes. In addition, the additional subsystem may be arranged tn a manner similar to
that shown in Fig. 12 in which one of light sources 1200, 1202, and 1204 is used as the
light source for the additional subsystem and one of sensors 130 and 502 1s used as the
scnsor of the additional subsystem. In this manner, the additional subsystem and the
main inspection subsystem may both utilize sore of the same optical clements such as
refractive optical element 912 and scattered hight collector 122, The additional
subsystem may include any other suitable optical elements. The coraputer subsystem
may be configured in this embodiment as described further herein to alter the power of

the light being directed to the area by the ilhumination subsysten.

in some embodiments, the collection subsystem is configured to image the light
scaticered from the area on the wafer to one or more additional sensors, the one or more
additional sensors are configured to gencrate output responsive to the scattered light,
cach of the sensor and the one or more additional seusors are configured to detect the
scattered light collected 1n differcut segments of a collection NA of the collection
subsyster, and the computer subsystem is configured to detect the point defects on the
wafer using the output generated by the one or more additional sensors, to determine
different sizes, in pixels, for at least one of the point defects using different output,
respectively, generated for the at least one of the point defects by the one or more
additional sensors, to determine a weighted size for the at least one of the point detocts
based on the size and the different sizes, to determine the focal condition of the system

based on the weighted size, and to alter the one or more parameters of the system base
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on the focal condition. For example, the point spread functions may be weighted by the
various channels (each channel generates a shightly different point spread function,
because cach channel collects a different portion of the scattering hemisphere) to get a
better feedback signal. This collection subsystem, additional sensor(s), and computer

subsysiern may be further configured as described herein.

In another embodiment, the collection subsystem 1s configured to image the hight
scattered from different point defects on the wafer onto different portions of the seusor,
and the computer subsysteny is configured to determine if and how the wafer is tilted
based on a relationship between the sizes of the different point defects and the different
portions of the sensor on which the light scattered from the different point defects was
imaged. For example, tilt of the wafer may be corrected in real time by tilting the
gripping chuck, based on the response across the sensor (e.g., a point spread function for
one defect at an edge of the sensor versus a point spread function for another defect at the
middle of the sensor may indicate that the wafer i3 not level and therefore that the wafer

should be ulted).

Each of the embodiments described above may be further configured as described

herein.

An additional erubodiment relates to a system configured to mnspect a water, The
system includes an ilumination subsystem configared to direct hight to anarcaon a
wafer., The light illuminates the area oun the wafer in area illumination mode. This

dhumination subsyster may be configured as described and shown further herein.

in one embodiment, the lumination subsystem includes a frequency conversion
laser, the light includes pulses of light, and the pulses of Hight directed to the arca on the
wafer do not vary spatially over the duration of the pulses of light and have substantially
constant intensity over the duration of the pulses of light. In one such embodiment, the
iilumination subsystom includes a beam shaping optical element coupled to the laser,

Such embodiraents may be further coufigured as described and shown herein. o sorue
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embodiments, the iflumination subsystem includes a frequency conversion laser, the light
includes pulses of light, and the pulses of light directed to the area on the wafer have
substantially constant intensity over the duration of the pulses of light. Such an

embodiment may be configured as described further herein.

The system also includes a scanning subsysterm configured to scan the light across
the wafer. This scanuing subsystem ruay be configured as further described and shown

herein.

in one embodiment, the light includes pulses of light, the scattered light includes

puises of scattered light, the scanning subsystem is configured to scan the pulses of light
across the wafer by rotating the wafer, and when the pulses of light are being scanned
across a center region of the wafer, the dlumination subsyster 18 configured to direct the
puises of light to the arca on the wafer less often than when the pulses of light are being
scanned across the water outside of the center region. In another embodiment, the light
mcludes pulses of light, the scattered hight includes pulses of scatiered light, the scanming
subsystem ts configured to scan the pulses of light across the wafer by rotating and
translating the wafer, the sensor includes an area sensor, when the pulses of light are

cing scanned across a center region of the wafer, the scanning subsystem scans the
pulses of light across the wafer in one or more non-curved lines, and when the pulses of
light arc being scanned across the wafer outside of the center region, the scanning
subsystern scans the pulses of light across the wafer i a spiral fashion, Such

embodiments may be funther configared as described herein.

in addition, the system includes a collection subsystem configured to tmage light
scattered {rom the arca on the wafer to a sensor. The sensor is configured to generate
output responsive to the scattered light. This collection subsystem and sensor may be

configured as further described and shown herein.

In one embodiment, the light includes pulses of hight, the scattered light includes

pulses of scattered light, and the sensor 1s synchromzed in time relative o the pulses of
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light to detect only the pulses of scattered light with predetermined arrival times. In one
such embodiment, the pulses of the scattered hight with the predetermined arrival times
include fluorescence or photoluminescence. Such embodiments may be further

configured as described herein,

The system also includes a computer subsystem configured to detect defects on
the wafer using the output generated by the sensor. The computer subsystem may be

configured as further described and shown herein,

In one embodiment, the system includes an additional sensor that includes an
image intensifier, the collection subsystem is configured to image the light scattered from
the area on the wafer to the additional sensor, the additional sensor generates additional
output responsive to the scattered light, and the computer subsystem s configured to
detect the defects on the wafer using the additional cutput instead of the output when
sensor electronic noise dominates total channel noise i the sensor. Such an embodiment

may be further configured as described and shown herein,

In another embodiment, the system includes an additional sensor that is
configured for photon counting, the collection subsystem is configured to image the light
scattered from the area on the wafer to the additional sensor, the additional sensor
generates additional output respounsive to the scattered light, and the computer subsystem
is configured to detect the defects on the wafer using the additional output. Such an

embodiment may be farther configured as described herein,

In some embodiments, the system includes a MEMS-based optical switching
device positioned between the collection subsystem and the sensor. In one such
embodiment, the system includes at least one additional sensor, the light includes pulses
of light, the scattered light inchudes pulses of scattered light, and the optical switching
device 1s configured to direct a first of the pulses of scatiered light generated by a first of
the pulses of light to the sensor and 4 second of the pulses of scattered light generated by

a secoud of the pulses of light, subsequent to the fivst of the pulses of light, to the at least
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one additional sensor. In another such embodiment, the Hght includes pulses of light, the
scattered light includes pulses of scattered light, the optical switching device is
configured to separate the pulses of scattered light collected in different segments of a

collection NA of the collection subsystem, and the optical switching device is configured

(V3

to dircct only one of the different segments of the pulscs of scattered hight generated by a
tirst of the pulses of hight to the sensor and then to direct only another one of the different
segments of the pulses of scattered light generated by a second of the pulses of hight,
subsequent to the first of the pulses of light, to the sensor. Such embodiments may be
further configured as described and shown herein.

16

Each of the embodiments described above may be further configured as described

herein,

Any of the systems described herein may include additional channels and/or

subsystems (not shown} designed to detect defects independently or in conjunction with

L

the main inspection optical channels described above. One example of such an additional

channel! is a Nomarski differential interference contrast {I3IC) “bright field” channel.

All channels of any of the inspection systems described herein generate
26 information regarding the surface guality as well as defects of interest. The output from
multiple channels may be combined by various logical means and/or with various
matheroatic operations as described in U.S. Patent Application Publication Nos.
2010/0188657 published on July 29, 2010 to Chen et al. and 2012/0044486 published on
Febroary 23, 2012 to Chen et al., which are incorporated by reference as if fully set forth
25 herein. Sometimes this is referrved to as image or channel fusion and can advantageously

improve anomaly capture rate while decreasing the false count rate.

The embodiments described herein may also be further configured as described in
U.S, Patent Nos. 7,286,697 to Guetta, 7,339,661 to Korngut et al., 7,525,659 to Furman
39 etal, 7,826,049 to Furman et al., and 7,843,558 to Furman, all of which are incorporated

by reference as if fully set forth berein.
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Further modifications and alternative embodiments of various aspects of the
invention may be apparent to those skilled in the art in view of this description. For
cxample, systems configured to inspect a wafer are provided. Accordingly, this
description 1s to be construed as illustrative only and is for the purpose of teaching those
skilled 1n the art the general manuer of carrying out the mvention. It is to be understood
that the forms of the inveuntion shown and described herein are to be taken as the
presently preferred embodiments. Elements and matenials roay be substituted for those
tilustrated and described herein, parts and processes may be reversed, and certain features
of the invention may be wtilized independently, all as would be apparent to one skilled in
the art after having the benefit of this description of the invention. Changes may be made
in the clements described hercin without departing from the spirit and scope of the

invention as described in the following claims,
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WHAT IS CLAIMED I5:

i A system configured to inspect a wafer, comprising:

s an ithamination subsystem configured to simultancously form multiple
iilumination arcas on the wafer with substantially no illumination flux
between each of the areas;

a scanning subsysten configured to scan the multiple Hlumination areas across

10 the wafer;

a collection subsystem configured to simuitancously and separately image light
scaticred from cach of the arcas onto two or more sensors, wherein
characteristics of the two or more sensors are selected such that the

15 scattered light is not imaged nto gaps between the two or more sensors,
and wherein the two or roore sensors generate output responsive to the
scattered light; and

a computer subsystem configured to detect defects on the wafer using the output

26 of the two or more sensors.
2. The system of claim 1, wherein cach of the multiple iltumination areas has a
rectangular shape on the wafer,

25 3. The system of claim 1, wherein the illumination subsystem forms the multiple

ilumination areas on the wafer using multiple light beams generated by multiple light

SOUICCeS.
4. The system of claim 1, wherein the iHlurnination subsystem {forms the multiple

30 illumination arcas on the wafer using multiple light beams generated from a single light

bheam,
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5. The system of claim 1, wherein the multiple illumination areas do not overlap

with each other on the wafer.

6. The system of claim 1, further comprising an optical element configured to
sitnultancously and separately divide the light scattered from cach of the arcas collected
n different segments of a collection numerical aperture of the collection subsystem,
wherein the two or more sensors are further configared to detect one of the different
segments, and wherein the system further comprises another two or more sensors
configured to detect another of the different segments.

7. The system of claim 6, wherein the system is further configured to alter or replace
the optical clement depending on the one of the different segments that 18 to be detected
by the two or more sensors and the other of the different segments that 1s to be detected

by the other two or more sensors.

8. The system of claim 1, further comprising an optical element configured to
simultaneously and separately divide the light scattered from each of the areas collected
in different segments of a collection numerical aperture of the collection subsystem,
wherein the two or more sensors are further configured to detect one of the different
segments using one portion of the two or more sensors and to detect another of the
ditferent segments using a different portion of the two or more sensors, and wheren the
one portion and the other portion of the two or more sensors do not overlap with each

other and are not contiguous on the two or more seusors.

9. The system of claim 1, wherein the collection subsystem comprises a scattered

light collector having a resolution that is not fully diffraction-limited.
10. The system of claim 1, turther comprising an additional two or more sensors that

mclude image mtensifiers, wherein the collection subsystem is further configured to

stmultancously and separately irnage the light scattered from each of the arcas to the
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additional two or more sensors, wherein the additional two or more sensors generate
additional output responsive to the scattered light, and wherein the computer subsystem
is further configured to detoct the defects on the wafer using the additional cutput instead
of the output when sensor electronic noise dominates total channel noise in the two or

MOTC SCNSOrs.

11, The system of claim 1, further comprising an additional two or more scusors that
are configured for photon counting, wherein the collection subsysten is further
configured to simultancously and separately image the hight scattered from each of the
areas to the additional two or more sensors, wherein the additional two or more sensors
generate additional output responsive to the scattered light, and wherein the computer
subsystem is further configured to detect the defects on the wafer using the additional

output,

12. The systern of claim 1, wherein the tummnation subsystem comprises a frequency
conversion laser, wherein the illumination subsystem s further configured to
simultaneously form the multiple illumination areas using pulses of light, and wherein the
puises of light directed to the areas on the wafer do not vary spatially over the duration of
the pulses of light and have substantially constant intensity over the duration of the

puises of light.

13, The system of claim 12, wherein the illumination subsystem further comprises a

beam shaping optical element coupled 1o the laser.

14, The system of claim 1, wherein the iHlumination subsystem comprises a frequency
conversion laser, wherein the Hlumination subsystem is further configured to
sinultancously form the nmltiple illumination arcas using pulses of light, and wherein the
puises of Light directed to the areas on the wafer have substantially constant intensity

over the duration of the pulses of light.
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15.  The system of claim 1, further comprising a micro-electro-mechanical system-
based optical switching device positioned between the collection subsystem and the two

OF MOYe SENsOTs.

16.  The system of claim 15, further comprising an additional two or more sensors,
wherein the tlumination subsystern 1s further configured to simultancously form the
multiple ilomination areas using pulses of light, wherewn the light scattered from each of
the areas comprises pulses of scattered light, and wherein the optical switching device 1s
configured to direct a first set of the pulses of scattered light generated by a first set of the
pulses of light to the two or more sensors and a second set of the pulses of scattered light
generated by a second set of the pulses of light, subsequent to the first set of the pulses of

light, to the additional two or more sensors.

17. The systern of claim 15, wherein the dlumination subsystern is further configured
to simuliancousty form the multiple illumination areas using pulses of hight, wherein the
light scattered from each of the areas comprises pulses of scattered light, wherein the
optical switching device is further configured to simultaneously and separately divide the
puises of seattered light from each of the areas collected in different segments of a
collection mumerical aperture of the collection subsystem, and wherein the optical
switching device is further configured to direct only one of the different segments of a
first set of the pulses of scatiered light geuerated by a first sot of the pulses of light to the
two or more sensors and then to direct only another one of the different scgments of'a
second set of the pulses of the scattered hight generated by a second set of the pulses of

light, subsequent to the {irst set of pulses of light, to the two or more sensors.

18.  The system of claim 1, wherein the illamination subsystem s further configured
to simultancously form the multiple illumination areas using pulses of light, wherein the
light scattered from cach of the arcas comprises pulses of scattered light, and wherein the
two or more sensors are synchronized in time relative to the pulses of light to detect ounly

the pulses of scattered light with predetermined arrival times.
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19, The system of claim 18, wherein the pulses of scattered light with the

predetermined arrtval times comprise fluorescence or photoluminescence.

20.  The system of claim |, wherein the illumination subsystem is further configured
to sinultancously form the multiple illunuination areas using pulses of light, wherein the
light scatiercd trom cach of the arcas comprises pulses of scattered light, wherein the
scanning subsystem 1s further configured to scan the pulses of light across the wafer by
rotating the wafer, and wherein when the pulses of light are being scanuned across a cente
region of the wafer, the tlumination subsystem is further configured to simultaneously
direct the pulses of light to the multiple illumination areas on the wafer less often than

when the pulses of light are being scanned across the wafer outside of the center region.

21 The syster of claim 1, wherein the iHlumination subsystem 1s further contigured
to simultancously form the multiple illumination areas using pulses of hight, wherein the
light scattered from each of the areas comprises pulses of scattered light, wherein the
scanning subsystem is {urther configured o scan the pulses of light across the water by
rotating and translating the wafer, wherein the two or more sensors comprise area
sensors, wherein when the pulses of light are being scanned across a center region of the
wafer, the scanning subsystem scans the pulses of light across the wafer in one or more
non-curved lines, and wherein when the pulses of light are being scanned across the
wafer outside of the center region, the scanning subsystem scans the pulses of light

across the wafer in a spiral fashion,
22, A systern configured to inspect a wafer, comprising:
an illumination subsystem configured to direct multiple Hght beams to
substantially the same area on a wafer, wherein the multiple light beams

have substantially the same wavelength and polarization characteristics;

a scanning subsystem contigured to scan the muliiple light bearas across the

wafer;
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a collection subsystems configured to image light scattered from the substantially
the same arca on the wafer to a sensor, wherein the sensor generates

output responsive to the scattered light; and

(V3

a computer subsystem configured to detect defects on the water using the output

of the sensor,

23, The system of claim 22, wherein the multiple light beams are directed to the
10 substantially the same area on the wafer at substantially the same polar angles and

different azimuth angles.

24.  The system of claim 22, wherein the multiple light beams are directed to the

substantially the same area on the wafer simultaneously,

L

25 The systern of claim 22, wherein the multiple hight beaws are laser bearus.
26, The systens of claim 22, wherein the multiple light beams Hluminate the

substantially the same area on the wafer in arca illununation mode.

27.  The system of claim 22, wherein the substantially the samce arca on the wafer has

a lateral dimension of greater than 50 microns,

28.  The system of claim 22, wherein the multiple light beams are pulsed light bearus,
25 and wherein the illumination subsystem is further configured to direct one of the multiple
fight beams to the substantially the same area on the wafer later than another of the
nltiple light beams is directed to the substantially the same area by the illumination
subsystem such that a peak pulse power incident on the wafer due to the nultiple light
bearns 1s less than i the multiple light beams were directed to the substantially the same

30 area on the wafer at the same time,
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29, The systen of claim 22, wherein the multiple light beams are pulsed light beams,
and wherein the illumination subsystem is further configured to direct one of the multiple
light beams to the substantially the same arca on the wafer later than another of the
multiple light beams is directed to the substantially the same area by the illumination
subsystern such that the pulsed light beams illuminate the substantially the same area as
one continucus pulse of light having a duration longer than each of the pulsed light

beams,

30, The system of claim 22, wherein the multiple light beams are pulsed light beams,
wherein the Hlumination subsystem is further configured to direct a first of the multiple
light beams to the substantiaily the same arca on the wafer carlier in time than a second
of the nmltiple light beams is directed to the substantially the same area by the
ilfumination subsystem, wherein the first and second of the multiple hight beams have
different shapes and sizes on the wafer from cach other, and wherein the computer
subsystem s further configured to use the output responsive to the scattered light from
the substantially the same arca due to illumination by the first of the multiple light beams
to determine if the second of the multiple light beams should be directed to the

substantially the same area.

31, The system of claim 30, wherein the illumination subsystem comprises a Q-
switched laser, and wherein if the computer subsystem determines that the second of the
multiple light beams should not be directed to the substantially the same arca, then the
computer subsysier prevents the second of the multiple light beams from iflamimating

the substantially the same area.

32, The system of claim 22, wherein the multiple light beams are pulsed light beams,
wherein the illumination subsystem is further configured to direct a first of the nmltiple
light beams to the substantiaily the same arca on the wafer carlier in time than a second
of the nultiple light beams 1s directed to the substantially the sarc arca by the
ilfumination subsystem, wherein the first and second of the multiple hight beams have

differcut shapes and sizes on the wafer from each other, and wherein the computer
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subsystem ts further configured to use the output responsive to the scattered light from
the substantially the same area due to iilumination by the first of the multiple light beams
to determing a power of the second of the multiple light beams that should be directed to

the substantially the same area.

33, The system of claim 32, wherein the illumination subsystem cormprises a Q-
swiiched laser, and wherein the computer subsystem attenuates a power of the (3-

switched laser based ou the determuned power.

34, The system of claim 32, wherein the computer subsystem is further configured to
monitor a power of the second of the multiple light beams that is actually directed to the
substantially the same area and to alter one or more parameters of the system based on
the power directed to the substantially the same arca to normalize the power of the
sccond of the nwltiple light beams that 1s actually directed to the substantially the same

arca.

35.  The systens of claim 22, wherein the multiple light beams are generated by only

one single laser of the illunination subsystem.

36.  The system of claim 22, whercin the multiple light beams are generated by

multiple lasers of the illumination subsystem.

37.  The system of claum 22, wherein the multiple light beams comprise oue light
beam geuerated by a light source of the thumivation sabsystern and another light beam
formed by collecting light reflected from the substantially the same area on the wafer and

directing the collected reflected light back to the substantially the same area on the wafer.
38. The system of claim 22, wherein the illumination subsystem is further configured

to vary the mmltiple light beams directed to the substantially the same arca on the wafer

as a function of tire, wherein the collection subsystem is further configured to image the

66



(V3

16

L

WO 2013/009757 PCT/US2012/046084

light scattered from multiple areas on the water to the sensor, and wherein the seunsor and
a light source of the illumination subsystem are gated in syne with one another.

39, The system of claim 38, whercin the multiple light beams are directed to the
substantially the same area on the wafer at dufferent azimuth angles, different polar

angles, or difterent azimuth and polar angles.

40.  The system of claim 38, wherein the illumination subsystem s further configured
to alter the wavelength and polarization characteristics of the multiple light beams, and
wherein the multiple light beams directed to the substantially the same area on the wafer
as the function of time have different wavelength characteristics from cach other,
different polarization characteristics from cach other, or different wavelength and

polarization characteristics from cach other,

41. The systern of claim 22, further comprising au optical element configured to
separate the scattered Hght collected i different segments of a collection numerical
aperture of the collection subsystem, wherein the sensor is further configured to detect

configured to detect another of the different segments.

42, The system of claim 41, wherein the system is further configured to alter or
replace the optical clement depending on the one of the different segments that 1510 be

detected by the sensor and the other of the different segments that 1s to be detected by the

other sensor,

43, The system of claim 22, further comprising an optical element configured to
scparate the scattered light collected in different segments of a collection numerical
aperture of the collection subsystem, wherein the sensor is further configured to detect
one of the ditferent segments using one portion of the sensor and to detect another of the

different segments using a different portion of the sensor, and wherein the one portion
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and the other portion of the sensor do not overlap with each other and are not contiguous

on the sensor,

44.  The system of claim 22, wherein the collection subsystem comprises a scattered

light collector having a resolution that 1s not fully diffraction-himited.

45, The system of claim 22, further comprising an additional seusor that includes an
unage intensificr, wherein the collection subsystem s further configured to fmage the
fight scattered fron the substantially the same arca on the wafer to the additional sensor,
wherein the additional sensor generates additional output respousive to the scattered
light, and wherein the computer subsystem is further configured to detect the defects on
the wafer using the additional output instead of the output when sensor electronic noise

dominates total channel noise in the sensor.,

46, The systern of claim 22, further comprising an additional sensor that is configared
for photon counting, wherein the collection subsystem s further configured to irvage the
light scattered from the substantially the same area on the wafer to the additional sensor,
wherein the additional sensor generates additional output responsive to the scattered
light, and wherein the computer subsystem is further configured to detect the defects on

the wafer using the additional output.

47.  The system of claim 22, wherein the illumination subsystem comprises a
frequency conversion laser, wherein the multiple light beams corprise pulses of light,
and wherein the pulses of light directed to the substantially the same area on the wafer do
not vary spatially over the duration of the pulses of light and have substantially constant

intensity over the duration of the pulses of light.

48. The system of claim 47, wherein the tllumination subsystem further comprises a

bearn shaping optical clement coupled to the laser.
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49, The system of claim 22, wherein the lumination subsystem comprises a
frequency conversion faser, wherein the multiple light beams comprise pulses of light,
and wherein the puises of light directed to the substantially the same area on the wafer

have substantially constant intensity over the duration of the pulses of Light,

50, The system of claim 22, further comprising a micro-electro-mechanical system-
based optical switching device posttioned between the collection subsystem and the

SCNSOr,

51, The system of claim 50, further comprising at least one additional sensor, wherein
the multiple light beams comprise pulses of light, wherein the scattered light comprises
puises of scattered light, and wherein the optical switching device is configured to direct
a first of the pulses of scattered hight generated by a first set of the pulses of hight to the
sensor and a second of the pulses of scattered light generated by a second set of the
puises of Light, subsequent to the first set of the pulses of ight, to the at least one

additional sensor.

52, The systens of claim 50, wherein the multiple light beams comprise pulses of
light, wherein the scattered light comprises pulses of scattered light, wherein the optical
switching device is configured to separate the pulses of scattered light collected in
ditferent segments of a collection mumerical aperture of the collection subsystem, and
wherein the optical switching device 1s further configured to direct only one of the
different segmeuts of the pulses of scattered light generated by a first set of the pulses of
tight to the sensor and then to direct only another one of the different segments of the
pulses of scattered light generated by a second set of the pulses of light, subsequent to the

first set of the pulses of light, to the sensor.

53 The system of claim 22, wherein the mmltiple light beams comprise pulses of
Light, wherein the scattered light comprises pulses of scattered hight, and wherein the
sensor 18 synchronized in time relative to the pulses of ight to detect ounly the pulses of

scattered light with predetermined arrival tiroes.
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54, The systens of claim 53, wherein the pulses of scattered light with the

predetermined arrival times comprise fluorescence or photoluminescence.

55, The system of claim 22, wherein the multiple light beams coruprise pulses of
light, wherein the scattered light comprises pulses of scattered hight, wherein the scanning
subsysiern is further configured to scan the pulses of light across the wafer by rotating the
wafer, and wherein wheun the pulses of light are being scanned across a center region of
the wafer, the illumination subsystem is further configured to direct the pulses of light to
the substantially the same area on the wafer less often than when the pulses of light are

being scanned across the wafer outside of the center region.

56. The system of claima 22, wherein the multiple light beams comprise pulses of
light, wherein the scattered light comprises pulses of scattered hight, wherein the scanning
subsystem s further configured to scan the pulses of light across the water by rotating
and translating the wafer, wherein the sensor coraprises an area sensor, wherein when the
puises of light are being scanned across a center region of the wafer, the scanning
subsystem scans the pulses of light across the wafer in one or more non-curved lines, and
wherein when the pulses of light are being scanned across the wafer outside of the center
egion, the scanning subsystem scans the pulses of light across the wafer in a spiral

fashion.

LA

'_\3

A systern configured to inspect a wafer, comprising:

an illumination subsystem configured to direct a first of multiple pulsed Light
beams to an area on a wafer earlier in time than a second of the multiple
puised light beams is directed to the area by the illumination subsystem,
wherein the first and second of the multiple pulsed light beams have
different shapes and sizes on the water from cach other, and wherein the

first and second of the multiple pulsed light bearns have differcnt
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wavelengths from cach other, different polarizations from each other, or

different wavelengths and polarizations from each other;

a scanning subsystem configured to scan the nultiple pulsed light beams across

(V3

the wafer;

a collection subsystem configured to image light scattered from the area on the
wafer to one or wore sensors, wherein the one or more sepsors generate
output responsive 1o the scattered light; and

16

a computer subsystem configured to detect defects on the wafer using the cutput
of the one or more sensors and to use the output responsive to the
scattered light trom the area duc to llumination by the first of the nwuluple

pulsed light beams to determine a power of the second of the multiple

L

pulsed light beams that should be directed to the area.

58, The systens of claim 57, wherein the illumination subsystem comprises a (3~
switched laser, and wherein the computer subsysten attenuates a power of the (-

switched laser based on the deternuned power.

59, The system of claim 57, wherein the illumination subsystem cormprises a Q-
switched laser, and wheremn if the determined power 1s zero, then the computer subsystern
prevents the J-switched laser from generating the second of the multple pulsed light

beams that would illuminate the area.

60.  The system of claim 57, wherein the computer subsystem is further configured to
monitor a power of the second of the multiple pulsed light beams that 1s actually directed
to the arca and to alter one or more parameters of the system based on the power directed
to the arca to normalize the power of the second of the multiple light beams that is

30 actually directed to the area.
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61. A system configured to inspect a wafer, comprising:

an itlumination subsystem configured to direct pulses of light to an areaon a

wafer;
8
a scanning subsystern configured to scan the pulses of light across the wafer;
a collection subsystem configured to wmage pulses of light scattered from the area
on the wafer to a sensor, wherein the sensor is configured to integrate a
10 number of the pulses of scattered light that is fewer than a sumber of the

pulses of scattered light that can be imaged on the entire arca of the
sensor, and wherein the sensor is configured to generate output responsive

to the integrated pulses of scattered hight; and

L

a computer subsystem configured to detect defects on the wafer using the output

generated by the seusor,

62.  The systens of claim 61, wherein the scanuning subsysten is further configured to
scan the pulses of light across the wafer by rotating and translating the wafer

26 simultancously, and wherein the sensor comprises a rectangular array of pixels.

63.  The system of claim 61, wherein the number of the pulses mntegrated by the sensor
is one pulse of the scatlered light, and wherein the sensor integrates for the duration of
the one pulse of the scattered hight and then trausfers any charge respousive to the one

25 pulse of the scattered light off of the sensor.
64. The system of claim 61, wherein the collection subsystem comprises one or more

anamorphic optical elements configured to image all of the scattered light in one of the

puises of scattered light to only one pixel of the sensor.
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65.  The systenm of claim 61, wherein the sensor integrates unidirectionally for the
duration of a pulse of the scattered light and then bidirectionally transfers any charge

esponsive to the pulse of the scattered light off of the sensor.

66.  The system of claim 61, whercin the sensor comprises an image intensifier and an
area sensor, and wherein the sensor mtegrates for the duration of a pulse of the scattered
tight and antil ali phosphor energy of the image inteusifier corresponding to the pulse of

the scattered light has completely decayed.

67.  The system of claim 61, further comprising an optical element configured to
scparate the pulses of the scattered light collected in different segments of a collection
numerical aperture of the coliection subsystern, wherein the sensor is further configured
to detect one of the ditferent segments, and wherein the system further comprises another

sensor configured to detect another of the different segments.

68, The systern of claim 67, wherein the system s further configured to alter or
replace the optical element depending on the one of the different segments that is to be
detected by the sensor and the other of the different segments that is to be detected by the

other sensor.

6%.  The system of claim 61, further comprising an optical clement configured o
separate the pulses of the scattered hight collected m different segments of a collection
aurnerical aperture of the coliection subsyster, wherein the sensor 1s further configured
to detect one of the different segments using one portion of the seusor and to detect
another of the different segments using a different portion of the sensor, and wherein the
one portion and the other portion of the sensor do not overlap with each other and are not

contiguous on the sensor.

76, The system of claim 61, wherein the collection subsystem comprises a scatiered

hight collector having a resolution that 1s not tully diffraction-limtited,
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71, The systens of claim 61, further comprising an additional sensor that includes an
image intensifier, wherein the collection subsystem s further configured to image the
pulses of light scattered from the area on the wafer to the additional sensor, wherein the
additional sensor generates additional output responsive o the pulses of scattered light,
and wherein the computer subsystem is turther configured to detect the defects on the
wafer using the additional output mstead of the output when sensor electronic noise

dominaies total channel noise in the sensor,

72.  The system of claim 61, further comprising an additional sensor that is configured
for photon counting, wherein the collection subsysterm i3 further configured to image the
puises of Light scattered from the arca on the wafer to the additional sensor, wherein the
additional sensor generates additional output responsive to the pulses of scattered light,
and wherein the computer subsyster 1s further configured to detect the defects on the

waler using the additional cutput.

73. The systern of claim 61, wherein the dlurnation subsysiera comprises a
frequency conversion laser, and wherein the pulses of light directed to the area on the
wafer do not vary spatially over the duration of the pulses of light and have substantially

constant intensity over the duration of the pulses of light.

74.  The system of claim 73, wherein the illumination subsystem further comprises a

beam shaping optical element coupled to the laser,

75.  The system of claim 61, wherein the illumination subsystem comprises a
frequency conversion laser, and wherein the pulses of light directed to the area on the

wafer have substantially constant intensity over the duration of the pulses of light.
76. The system of claim 61, further comprising a micro-clectro-mechanical system-

based optical switching device positioned between the collection subsystem and the

SCHSOr,
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77.  The systens of claim 76, further comprising at least one additional sensor, wherein
the optical switching device 1s configured to direct a first of the pulses of scattered light
generated by a first of the pulses of light to the sensor and a second of the pulses of
scattered light generated by a second of the pulses of light, subsequent to the first of the

pulses of light, to the at least one addutional sensor.

78.  The system of claim 76, wherein the optical swiiching device is {urther
configured to separate the pulses of scattered light collected in different segruents of'a
collection namerical aperture of the collection subsystem, and wherein the optical
switching device is further configured to direct only one of the different segments of the
scattered light generated by a first of the pulses of light to the sensor and then to direct
only another one of the different segments of the scattered light generated by a second of

the pulses of light, subsequent to the first pulse of light, to the sensor.

79. The systern of claim 61, wherein the sensor 13 synchronized 1o timoe relative to the
pulses of hight to detect only the pulses of scattered hght with predetermined arrival

fimes.

80.  The system of claim 79, wherein the puises of the scattered light with the

predetermined arrival times comprise fluorescence or photoluminescence.

§1.  The system of claim 61, wherein the scanning subsystem s further configured to
scan the pulses of light across the wafer by rotating the wafer, and wherem when the
pulses of light are being scanned across a center region of the wafer, the umination
subsystem 18 further configured to direct the pulses of light to the area on the wafer less
often than when the pulses of Hght are being scanned across the wafer outside of the

center region.
82.  The system of claim 61, wherein the scanning subsystem is further configured to

scan the pulses of hight across the water by rotating and translating the wafer, wherein the

SCHSOT COmprises an arca sensor, wherein when the pulses of light are being scanned
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across a center region of the wafer, the scanning subsystem scans the pulses of light
across the wafer in one or more non-curved lines, and wherein when the pulses of light
are being scanned across the wafer outside of the center region, the scanning subsystom

scans the pulses of light across the wafer in a spiral fashion.

83. A system configured to inspect a wafer, comprising:

an itlamination subsystem configured to direct light to au area on a wafer;

a scanning subsysten configured to scan the light across the wafer;

a collection subsystem configured to image light scattered from the arca on the
wafer 1o a sensor, wherein the sensor 18 configured to generate output

responsive to the scattered light; and

a computer subsystem configured to detect point defects on the wafer using the
output generated by the sensor, to determing a size, in pixels, of the pomnt
defects, to determine a focal condition of the system based on the size of
the point defects, and to alter one or more parameters of the system based

on the focal condition.

84.  The system of claim 83, wherein the computer subsystem s further configured to
determine the focal condition and alter the one or more parameters daring av inspection
process performed ou the wafer,

35, The system of claim 83, further comprising an additional subsystem configured to
direct other light to an additional arca on the wafer in advance of the light being directed
to the arca by the tlumination subsystem, wherein the additional subsystem comprises an
additional sensor configured to detect light scattered from the additional area, and

wherein the computer subsystem s further configured to alter a power of the light being
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directed to the area by the Hlumination subsystern based on the detected light scattered

from the additional area.

86.  The system of claim &3, wherein the collection subsystem is further configured to
image the light scatiered trom the area on the wafer to one or more additional sensors,
wherein the one or more additional sensors are configured t© generate output responsive
to the scattered light, wherein each of the sensor and the one or more additional sensors
are configured to detect the scatiered light collected o different segments of a coliection
numertcal aperture of the collection subsystem, and wherein the computer subsysten is
further configured to detect the point defects on the wafer using the output generated by
the one or more additional sensors, to determine different sizes, in pixels, for at least one
of the point defects using different output, respectively, generated for the at least one of
the point defects by the one or more additional sensors, to determine a weighted size for
the at least one of the point defects based on the size and the different sizes, to determine
the focal condition of the system based on the weighted size, and to alter the one or more

pararaeters of the system based on the focal coundition.

87.  The system of claim &3, wherein the collection subsystem is further configured to
image the light scattered from different point defects on the wafer onto different portions
of the sensor, and wherein the computer subsystem is further configured to determine if
and how the wafer 1s tilted based oun a relationship between the sizes of the different pomnt
detects and the ditferent portions of the sensor on which the light scattered from the
different point defects was imaged.

88. A system configured to inspect a wafer, comprising:

an illumination subsystem configured to direct light to an area on a wafer;

a scanning subsystem contigured to scan the light across the wafer;
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a collection subsystem configured to image light scattered from the area on the
wafer to a sensor, wherein the sensor is configured to generate output

responsive to the scattered light; and

(V3

a computer subsystem configured to detect defects on the water using the output

generated by the sensor.

89.  The system of claum 38, further comprnising an additional sensor that jucludes an
image intensifier, wherein the collection subsystem ts further configured to image the

10 light scattered from the area on the wafer to the additional sensor, wherein the additional
scnsor generates additional output responsive to the scattered light, and wherein the
computer subsystem is further configured to detect the defects on the wafer using the
additional output instead of the cutput when sensor clectronic noise dominates total

charnel noise in the sensor,

L

806.  The system of claiva 88, further comprising an additional sensor that is configured
for photon counting, wherein the collection subsystem ts further configured to image the
light scattered from the area on the wafer to the additional sensor, wherein the additional
sensor generates additional output responsive to the scattered light, and wherein the

26 computer subsystem is further configured to detect the detects on the wafer using the

additional output.

91, The system of claum 88, wherein the illumination subsystem comprises a
frequency conversion laser, wherein the light comprises pulses of light, and wherein the

25 pulses of light directed to the area on the wafer do not vary spatially over the duration of
the pulses of light and bave substantially constant intensity over the duration of the

puises of Light,

92. The system of claim 91, wherein the dlumination subsystern further coruprises a

30 bhearn shaping optical clement coupled to the laser.
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83, The systens of claim &8, wherein the illumination subsystem comprises a
frequency conversion laser, wherein the light comprises pulses of light, and wherein the
pulses of light directed to the arca on the water have substantially constant intensity over

the duration of the pulses of light,

94.  The system of claim 88, further comprising a micro-electro-mechanical system-
based optical switching device posttioned between the collection subsystem and the

SCNSOr,

95.  The system of claim 94, further comprising at least one additional sensor, wherein
the light comprises pulses of light, wherein the scattered light comprises pulses of
scattered light, and wherein the optical switching device is configured to direct a first of
the pulses of scattered light generated by a first of the pulses of light to the sensor and a
sccond of the pulses of scattered hight gencrated by a second of the pulses of light,

subsequent to the first of the pulses of light, {0 the at least one additional sensor.

86, The systens of claim 94, wherein the light comprises pulses of light, wherein the
scattered light comprises pulses of scattered light, wherein the optical switching device is
configured to separate the pulses of scattered light collected in different segments of a
collection mumerical aperture of the collection subsystem, and wherein the optical
switching device is further configured to direct only one of the different segments of the
pulses of scattered light generated by a first of the pulses of light to the sensor and then to
direct ouly another ove of the different segments of the pulses of scattered light generated
by a second of the pulses of light, subsequent to the first of the pulses of hight, to the

SCNBOT.

97. The system of claim 88, wherein the light comprises pulses of light, wherein the
scattered light comprises pulses of scattered light, and wherein the sensor is synchronized
in thme relative to the pulsces of light to detect only the pulses of scattered light with

predetermined arrival times.
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88, The systens of claim 97, wherein the pulses of the scattered light with the

predetermined arrtval times comprise fluorescence or photoluminescence.

99, The system of claim 88, wherein the light comprises pulses of light, wherein the
scattered light comprises pulses of scattered light, wherein the scanning subsystern is
turther configured to scan the pulscs of light across the wafer by rotating the wafer, and
wherein when the pulses of light are being scanned across a center region of the walfer,
the itlamination subsystem s further configured to direct the pulses of light to the arca on
the wafer less often than when the pulses of light are being scanned across the wafer

outside of the center region.

100.  The system of claim 88, wherein the light comprises pulses of light, wherein the
scattered light comprises pulses of scattered light, wherein the scanning subsystem is
further configured to scan the pulses of light across the water by rotating and translating
the wafer, wherein the sensor comprises an area sensor, wherein when the pulses of light
are being scauned across a center region of the wafer, the scanning subsystem scans the
pulses of light across the wafer in one or more noun-~curved lines, and wherein when the
pulses of light are being scanned across the wafer cutside of the center region, the

scanning subsystem scans the pulses of light across the wafer in a spiral fashion.

80



WO 2013/009757 PCT/US2012/046084

Computer
subsysiem
138

124

122
100 1o
. 114
116 ~ |
118 ~J
120 ~
Fig. 1

Fig. 2



WO 2013/009757 PCT/US2012/046084

2/9

Computer
subsystem
136

124

122

300

302 308
304 N




WO 2013/009757

124

3/9

PCT/US2012/046084

Computer
subsystem

136

410

402¢
402a
402b \
408 )
404 199
110
100 112 A
126
, - 114
116~4 |
118
120

L- 4038




WO 2013/009757 PCT/US2012/046084

4/9

Computer
subsystem
136

124

506
500

/ > / 504 502
A A A

122

4

Y

110
100 112 A

X126
114

116 |
118 ~
120

Fig. 5



WO 2013/009757 PCT/US2012/046084

5/9

Computer
subsystem
136

124

410
400

\
\ 4

/ - 408

Y
]

Y

122~ |
110
600
100 i )\
126

. 114

116 ~ ol

118 ~

120 ~]

Fig. 6



WO 2013/009757 PCT/US2012/046084

6/9

ek
Y
KoY

704
700

/?62

700

Fig. 8



WO 2013/009757

779

PCT/US2012/046084

124

Computer
subsystem
138

500

800

8902
806

910

L~ 502




WO 2013/009757 PCT/US2012/046084

8/9
1104
1100
< 1102
\ 1106
Computer
subsystem
136
506

114
I\’E‘Eﬁ

502




WO 2013/009757 PCT/US2012/046084

9/9

1308 ~_

1316
1314
131G;>21\\;?\ Beam re-forming /[ 3

optics

A A

A A

1402 ~I - 1406

1400 —

1500 1504 \

1502 ~f

e
PN

N\
|
Ny

\15@0 \1504

Fig. 15

1306




INTERNATIONAL SEARCH REPORT International application No.
PCT/US2012/046084

A. CLASSIFICATION OF SUBJECT MATTER

GOIN 21/88(2006.01)i, HO1L 21/66(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
GOIN 21/88; GOIN 21/55, GOIN 21/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & Keywords: inspect,water,multi-path illumination,laser,diffractive,polarization

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2010-0188657 Al (CHEN, LU et al.) 29 July 2010 1-100
See abstract, page 14, claims 1,25 and figs. 1-7.

A US 7728965 B2 (HALLER, KURT LINDSAY et al.) 01 June 2010 1-100
See abstract, columns 9,10, claims 1,10 and figs. 1-3.

A US 7746459 B2 (KADKLY, AZMI et al.) 29 June 2010 1-100
See abstract, claims 1-15 and figs. 1-5.

A US 2008-0273193 Al (NISHIYAMA, HIDETOSHI et al.) 06 November 2008 1-100
See abstract, claims 1-5 and fig. 19.

|:| Further documents are listed in the continuation of Box C. IE See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority

"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art

"P"  document published prior to the international filing date but later "&" document member of the same patent family

than the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
08 NOVEMBER 2012 (08.11.2012) 09 NOVEMBER 2012 (09.11.2012)
Name and mailing address of the ISA/KR Authorized officer
' Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Daejeon Metropolitan CHOIL, Hyun Goo
. City, 302-701, Republic of Korea
Facsimile No. 82-42-472-7140 Telephone No.  82-42-481-8434

Form PCT/ISA/210 (second sheet) (July 2009)



INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2012/046084

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2010-0188657 Al 29.07.2010 CN 102292805 A 21.12.2011
EP 2389685 A2 30.11.2011
IL 213490 DO 31.07.2011
JP 2012-516063 A 12.07.2012
KR 10-2011-0118623 A 31.10.2011
US 8223327 B2 17.07.2012
WO 2010-085679 A2 29.07.2010
WO 2010-085679 A3 29.07.2010

US 7728965 B2 01.06.2010 JP 2006-343331 A 21.12.2006
US 2006-0274304 A1 07.12.2006

US 7746459 B2 29.06.2010 JP 2010-536034 A 25.11.2010
US 2009-0040525 A1 12.02.2009
WO 2009-023154 A2 19.02.2009
WO 2009-023154 A3 23.04.2009

US 2008-0273193 Al 06.11.2008 JP 2008-275540 A 13.11.2008
US 2010-0225903 At 09.09.2010
US 2012-0268734 A1 25.10.2012
US 7746453 B2 29.06.2010
US 8233145 B2 31.07.2012

Form PCT/ISA/210 (patent family annex) (July 2009)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - claims
	Page 62 - claims
	Page 63 - claims
	Page 64 - claims
	Page 65 - claims
	Page 66 - claims
	Page 67 - claims
	Page 68 - claims
	Page 69 - claims
	Page 70 - claims
	Page 71 - claims
	Page 72 - claims
	Page 73 - claims
	Page 74 - claims
	Page 75 - claims
	Page 76 - claims
	Page 77 - claims
	Page 78 - claims
	Page 79 - claims
	Page 80 - claims
	Page 81 - claims
	Page 82 - claims
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - wo-search-report
	Page 93 - wo-search-report

