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(57) Abstract: Disclosed are methods and apparatus
for inspecting a semiconductor sample. This system
comprises an illumination optics subsystem for gener-
ating and directing an incident beam towards a defect
on a surface of a wafer. The illumination optics sub-
system includes a light source for generating the in-
cident beam and one or more polarization components
for adjusting a ratio and/or a phase difterence for the
incident beam's electric field components. The system
further includes a collection optics subsystem for col-
lecting scattered light from the defect and/or surface
in response to the incident beam, and the collection
optics subsystem comprises an adjustable aperture at
the pupil plane, followed by a rotatable waveplate for
adjusting a phase difference of electric field compon-
ents of the collected scattered light, followed by a ro-
tatable analyzer. The system also includes a controller
that is configured for (i) selecting a polarization of the
incident beam, (ii) obtaining a defect scattering map,
(iii) obtaining a surface scattering map, and (iv) de-
termining a configuration of the one or more polariza-
tion components, aperture mask, and rotatable Y4
waveplate, and analyzer based on analysis of the de-
fect and surface scattering map so as to maximize a
defect signal to noise ratio.
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Methods and Apparatus for Polarized Wafer Inspection

CROSS-REFERENCE TO RELATED APPLICATION

16601} This application claims priority to U.S. Provisional Patent Application Number
62/314,362, filed 28 March 2016, which application is incorporated herein by reference in

its entirety for all purposes.

TECHNICAL FIELD OF THE INVENTION

18002} The nvention generally relates to the field of water inspection systems. More

particularly the present invention relates to defect detection.

BACKGROUND

10003] Generally, the industry of semiconductor manufacturing involves highly complex
techniques for fabricating integrating circuits using semiconductor materials which are
layered and patterned onto a substrate, such as silicon. Due to the large scale of circuit
integration and the decreasing size of semiconductor devices, the fabricated devices have
become increasingly sensitive to defects. That 1s, defects which cause faults in the device
are becoming increasingly smaller.  The device needs to be generally fault free prior to
shipment to the end users or customers.

16604} Various inspection systems are used within the semiconductor industry to detect
defects on a semiconductor wafer. However, there is a continued demand for improved

semiconductor wafer inspection systems and techniques.
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SUMMARY

100085} The following presents a simplified summary of the disclosure in order to provide
a basic understanding of certain embodiments of the invention. This summary is not an
extensive overview of the disclosure and it does not identify key/critical elements of the
invention or delineate the scope of the invention. Its sole purpose is to present some
concepts disclosed herein in a simplified form as a prelude to the more detailed description

that 1s presented later.

18006} In one embodiment, an inspection system for inspecting a semiconductor sample is
disclosed. This systems comprises an iHlumination optics subsystem for generating and
directing an incident beam towards a defect on the surface of a wafer. The illumination
optics subsystem includes a light source for generating the incident beam and one or more
polarization components for adjusting a ratio and/or phase difference between the two base
vectors for the incident beam’s electric field components. The system further includes a
collection optics subsystem for collecting scattered hight from the defect and/or surface in
response to the incident beam, and the collection optics subsystem comprises an adjustable
aperture at the pupil plane, followed by a rotatable waveplate for adjusting the phase
difference for the collected scattered light’s electric field components, followed by a
rotatable analyzer. The system also includes a controller that is configured for (1) selecting
a polarization of the incident beam, (ii) obtaining a defect scattering map, (i1} obtaining a
surface scattering map, and (iv) determining a configuration of the one or more polarization
components, aperture mask, and rotatable waveplate, and analyzer based on analysis of the

defect and scattering map so as to maximize a defect signal {0 noise ratio.

18647} In a specific implementation, the defect and surface scattering maps are obtained at
four or more angles of the waveplate of the collection optics subsystem, and determining a
configuration is accomplished by (1) for each pupil position at the pupil plane, determining
defect Stokes parameters based on the obtained defect scattering map, (it) for each pupil
position at the pupil plane, determining surface Stokes parameters based on the obtained
surface scattering map, (ii1) generating a polarization orthogonality map based on the

determined defect and surface Stokes parameters, and (1v) comparing relative polarization
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orthogenality values from the polarization orthogonality map and relative intensity

distribution values from the defect scattering map to determine the configuration.

16608} In one aspect, the one or more polarization components of the illumination
subsystem include a rotatable Y2 waveplate for controlling the incident beam’s polarization
angle and a rotatable V4 waveplate for controlling the incident beam’s circular or elliptical
polarization. In a further aspect, the one or more polarization components of the
ilfumination subsystern further comprise another V2 waveplate and a linear polatizer for
controlling the incident beam’s power and increasing a dynamic range. In yet a further

aspect, the V2 waveplate is positioned before the linear polarizer.

100069} In another embodiment, the collection optics subsystem further includes an
adjustable field stop for separately obtaining the defect and surface scattering maps. In
another example, the collection optics subsystern further includes a sensor and one or more

relay lens for relaying a pupil image to the sensor.

{6010} In another implementation, the ilumination optics subsystem includes an aperture
that 15 open to a full size and determining a configuration is accomplished by tteratively
mathematically applying different settings for the aperture mask, ¥4 waveplate, and
analyzer so as to maximize the defect signal to noise ratio. In another aspect, a
configuration of the aperture mask is determined so as to block areas of the pupil, except
for areas with maximized polarization orthogonality and defect scattering intensity. In an
alternative embodiment, the one or more polarization components of the illumination optics
subsystem comprise a linear polarizer, and the rotatable waveplate of the collection optics
subsystem is a rotatable Y waveplate. In another embodiment, the linear polarizer and the
rotatable Vi waveplate are each positioned at a conjugate plane. In yet another embodiment,
the light source 15 a broadband light source, and the illumination optics subsystem 1s

arranged to direct the incident beam through an objective onto the surface of the wafer.

10811} In another embodiment, the invention pertains to a method of inspecting a
semiconductor saraple. The method includes (i) in an illumination optics subsystem of an
inspection system, generating and directing an incident beam at a selected polarization state
towards a defect on a surface of a wafer, wherein the illumination optics subsystem of the

inspection system includes a light source for generating the incident beam and one or more
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polarization components for adjusting a ratio and/or phase difference for the incident
beam’s electric field components, (i1) in a collection optics subsystern of an 1uspection
system, collecting scattered light from the defect and/or surface in response to the incident
beam, wherein the collection optics subsysterm of the inspection system comprises an
adjustable aperture at the puptl plane, followed by a rotatable waveplate for adjusting a
phase difference of electric field components of the collected scattered light, followed by a
rotatable analyzer, {(1i1) obtaining a defect scattering map based on the collected scattered
light, (iv) obtaining a surface scattering map based on the collected scattered light, and (v}
determining a configuration of the one or more polarization components, aperture mask,
and rotatable waveplate, and analyzer based on analysis of the defect and surface scattering
map so as to maximize a defect signal to noise ratio.

16612} These and other aspects of the invention are described further below with reference
to the figures.

BRIEF DESCRIPTION OF THE DRAWINGS

(6013} Figure 1A is a graph of the Total Integral Scattering (TIS) under § and P
tlumination as a function of defect size and different defect matenals.

10014} Figure 1B is a graph of normalized TIS as a function of illumination polarization
angle.

10015} Figure 2 1s a graph showing how various parameters change as a function of the
inctdence linear polarization angle and how they can cohesively affect the defect SNR and

selection of the illumination polarization angle.

100616} Figure 3A depicts the alignment of polarization vectors for an 80nm $102 particle
defect for a P polarization illumination.

10817} Figure 3B depicts the alignment of polarization vectors for a silicon wafer substrate
for a P polarization illununation.

10018} Figure 3C depicts the alignment of polarization vectors for an 80nm 5102 particle

defect for an S polarization illumination.
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10819} Figure 3D depicts the alignment of polarization vectors for a silicon wafer substrate

for an 8 polarization illumination.

16620} Figure 4 illustrates the results of a set of numerical simulations based on an 80nm

S10; particle defect on a rough seed Cu wafer.

10621} Figure S shows simulation results of 20nm Si02 particle defect scattering on a

smooth bare 51 wafer.

18622} Figure 6 1s a diagrammatic representation of an inspection system in accordance

with one embodiment of the present invention.

10023} Figure 7 shows detailed schematics of one possible implementation of an inspection

apparatus in accordance with a specific embodiment of the present invention.

10624} Figure 8 1s a diagrammatic representation of adjustment of an incident polarization

direction in accordance with one embodiment of the present invention.
10025} Figure 9A shows a plurality of differently sized field stop configurations.
18026} Figure 9B shows a plurality of differently sized aperture mask contigurations.

18027} Figure 10 is a flow chart illustrating an optimization process in accordance with a
specific implementation of the present invention,

10028} Figure 11 is a flow chart illustrating an optimization process in accordance with an
alternative embodiment of the present invention.

18629} Figure 12 15 a diagrammatic representation of an inspection systern in accordance
with an alternative embodiment of the present invention.

18630 Figure 13 represents one possible step by step optimization for a 48 5Snm 8102
particie deposited on a W film water in accordance with a specific application of the present
invention.

10631} Figure 14 is a bar chart of SN values of deposited 5102 particles on five different
wafers and under five imaging modes.

10632} Figure 15 represents an improvement using two sequential scans with different

linear incidence polarizations in accordance with one example implementation.
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18633} Figure 16 illustrates images of protrusion defects that are taken under conventional
S polarization illumination with unpolarized optimal collection masks and under optimnal

linear polarized illumination with optimized waveplate, analyzer and collection masks.

10634} Figure 17 illustrates an alternative embodiment of an inspection apparatus in which
a Vs waveplate and linear polarizer are sequentially positioned in the collection path at two

conjugate field planes.

10035} Figure 18 tllustrates an alternative embodiment of an inspection system that utilizes

a broadband source.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

10036] o the following description, numerous specific details are set forth in order to
provide a thorough understanding of the present invention. The present invention may be
practiced without some or all of these specific detatls. In other instances, well known
component or process operations have not been described in detail to not unnecessarity
obscure the present invention. While the invention will be described in conjunction with
these specific embodiments, it will be understood that it is not intended to limit the

invention to these embodiments.

16637} Certain inspection system embodiments are described herein as being contigured
for inspecting semiconductor structures. Other types of structures, such as solar panel
structures, optical disks, etc., may also be inspected or imaged using the inspection

apparatus of the present invention.

160638} A semiconductor wafer inspection can sometimes use an inspection tool that is
configurable to have a linearly polarized light configuration, such as an S or P polarization
setting. Selection of either S or P polarization can be based on the wafer type, defect type

(e.g., particle), etc.

10039 One form of inspection microscopy that utilizes S and P polarization is a laser dark
field (DF) microscope, which has been widely used in the wafer inspection industry to
detect nanoscale anomalies on semiconductor waters. The DF technique often enhances

defect detection sensitivity by blocking specular reflection from the wafer while collecting

6
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mostly scattered light. In addition, an illumination polarizer, analyzer, aperture mask, and
Fourier filter can be applied to further improve sensitivity. Among these applied factors,
tllumination polarization is normally considered to have the most direct impact on defect
sensitivity. Other types of systerus, such as a polarized broadband system, may also utilize

circularly, §, and, P configurations.

100490} In general, P polarization illumination is more sensitive for smaller defects on
smooth surfaces, such as described in U.S. Patent No. 6,118,525 by Fossey et al
Furthermore, a linear polarizer together with a corresponding mask could be applied to null
optical scattering from wafers to thereby enhance defect sensitivity, such as described in

U.S. Patent No. 8,891,079 by Zhao et al., which patent is incorporated herein by reference.

10041} Figure 1A illustrates that, as particle diameter increases above approximately 80nm,
the Total Integral Scattering (TIS) under S illumination exceeds the TIS under P
titumination. This TIS difference resuits in better detection sensitivity for larger size
defects. That is, the S polarization results in a much larger TIS (e.g., 102a) for defects sizes
that are about 80nm and greater, as compared to the TIS for P polarization (e.g., 102b). In
contrast, for smaller defects the TIS for P polarization {e.g., 104b) is lower than the TIS for
S polarization {e.g., 104a). Figure 1B is a graph of normalized TIS as a function of
tilumination polarization angle. As shown, an S illumination results in a wider difference

between an 80nm defect and haze.

10042} Although selection of either S or P for smaller vs. larger defects works well under
some conditions, there are other effects that may make this choice less clear for maximizing
defect sensitivity. For example, P tlumination has differently aligned polarization vectors
for an 80nm SiO2 particle defect and the wafer substrate, resulting in better defect signal
to noise ratio (SNR) for an 80nm defect. In contrast, polanzation vectors of an 80nm defect
and wafer substrate are mostly aligned under § tllumination, leaving little room for further
improvement of defect signal to noise ratio by excluding water surface scattering using a
polarizes.

16043} Circular polarization illumination is a polarization state that is the superposition of

P and S polarizations with equal amplitude and a constant phase offset of #/2. Said in

another way, circular polarization can be viewed as an average of P and S illumination with
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a fixed phase offset. A circular polarization finds limited application, as compared to either

P or S illumination, as further described in U S, Patent No. 4,740,708 by Batchelder.

160644} In certain cases, etther P or S polarization yields a better sensitivity. However, an
improved result may occur if one were to account for both the scattering intensity and the
polarization orthogonality between defects and wafer substrates. Qualitatively, polarization
orthogenality is a measure of how much defect and wafer surface scatterings may be
separated optically based on the difference in their polanzation states. As an example, if
both particle and wafer scatterings are linearly polarized and, additionally, if one is P
polarized while the other is S polarized, their polarization orthogonality can be defined as
1. In this case, wafer scattering could be fully extinguished by a linear polarizer while the
other particle signal remains unchanged. In contrast, if both scatterings are linearly
polarized but parallel to each other, their polarization orthogonality can be defined as 0. In
this latter case, there is no means to differentiate the two with a polarizer. Furthermore, if
particle scattering 15 linearly polarized while wafer scattering 15 circularly polarized, their
polarization orthogonality can be defined as 0.5 in that a linear analyzer can be aligned
with the polarization direction of particle scattering while reducing the wafer scattering by

23

{6045} To quantitatively describe the polarization orthogonality, the E field of purely

polarized light can be first defined by a Jones vector:

L TE lae” .
(0046 F{} : 1 (1)

~ T ip
[ vy
__E v e

{0647} where ¢ and a, are the amplitudes of the x and y components of the electric field,
and ¢,and ¢ are the phase of the x and y components. Only the phase difference

&= g’)y —¢ is needed to tully define a polarization state.

10048} The following Table | gives six examples of normalized Jones vectors.

Polarization Corresponding

Jones vector
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Linear polarized in the x- | (1)
direction (horizontal) 0/

Linear polarized in the y- | [ 0)

direction (vertical) 1)
Linear polarized at 45° )
from the x-direction 1)
{diagonal)

Linear polarized at -45° | (1)

trom the x-direction - /
(anti-diagonal)

Right hand circular 1)
polarized (RCP or i)
RHCP)

Left hand circular 10
polarized (LCP or L + z'j
LHCP)

Table 1

10049] The polarization orthogonality of two polarized E fields, which include one for
defect {also referred to herein as “particle”) scattering and one for wafer (also referred to
herein as “surface”) scattering, may be defined as:

Tk

Polorth =1 — L par U‘{'IWQ.‘@,,
Ib par b wafer |
10850} RIS Wi it | (2
1 aparﬁx wafer x t a,mﬂya waf ",ye

2 2 2 L2
apar X + apczr Yy awa‘fer X + gwajfer ¥

16651} The mathematical definition above could be interpreted as 1 minus the normalized
magnitude of one E field vector projected onto the other E field vector. By definition, the

values of Polorth are from 0 to 1, with 0 meaning that two polarization states are identical
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and 1 meaning completely orthogonal. Under ideal conditions in which wafer scattering is
the dominate noise source, maximizing polarization orthogonality generally leads to the

most optimum SNR.

16652} For rougher surfaces such as some metal film wafers, the scattered light can be
partially polarized. In this case, the partially polarized scattered light can be separated into
two parts of purely polarized light and un-polarized light and treated separately. Partially

polarized light can be defined by Stokes vector as given by:

[0053] s;_ : (3)

[0054] where S, , are the four elements of the Stokes vector which can be extracted from

polarimetry measurements. The intensity of the polarized portion is given by:

[00SS] S, =4/ S7+87 + 82 (4)

18056} and the intensity of unpolarized light is given by:

00571 S =8-S (5)

~unpol O pol
100658} The degree of polarization is given by:

~ pai

[6859) P =— (6)

LY

~6
10060} The x and y components of polarized light is given by:

2

A
‘E’x ;‘:Q’Spo/ " ‘SL)

(6661} ) - (7
EyEA - (i‘gpoi - S‘; )

10062} The phase difference between x/y components of the polarized portion of the E field

is expressed as:
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v

10664} By definition, the phase difference between the x/y component of the unpolarized

portion of the E field is randomly distributed between 0 to 360 degrees.

10065] For wafer inspection use cases, particle sizes are generally small enough such that
the scatted light from particles is always polarized. Therefore, only the water surface
scattering is sometimes partially polarized. The polarized portion of wafer scattering can
be treated as discussed previously, and the unpolarized portion of wafer scatiering will
typically be suppressed by half for any combination of waveplate and analyzer in the
collection path. The un-suppressed part of the unpolarized light of wafer scattering
represents a residual background that may be taken into account in an SNR optimization
process. The degree of polarization is also dependent on pupil location, which further
complicates the SNR optimization process. In this case, optimization may be based on

Stokes vector propagation through the polarizing coraponents. SNR can be written as:

[0066]

Youl
[osee A

‘;WR o piipil mask
ALY e

inc pol E" qout dA
<

S0 wafer

pitpil mosk
[0667] 8™ =M, M S, (9)
8 =AM S

wafer wafer

[0068] where 5, and S;“, . are the first elements of the Stokes vectors of 87 and

_par 0 _wafer
80 » which are the intensity of particle scattering and wafer scattering after passing through
waveplate and analyzer. M/, ts the Mueller matrix of the waveplate and A4, is the Mueller
matrix of the analyzer.
(6069} Certain embodiments of the present invention pertain to inspection systems that
utilize illumination polarization angles that are intermediate between the S and P

polarization states to improve defect detection sensitivity. Under different inspection and

11
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specimen conditions, a specific intermediate polarization angle can be selected to minimize

noise and improve defect SNR and, thereby, improve defect detection sensitivity.

16670} All parameters in the above SNR Eguation {9) are a function of input polarization
angle. It can be demonstrated that, for some medium roughness surfaces, there is an
optimum iHumination polarization angle between pure P and S polarization because the
illumination polarization angle affects particle scattering, surface scattering, and
polarization orthogonality at different rates. Thus, an optimum illumination polarization
between S and P can be found and used. In these optimum illumination polarization
embodiments, phase retardation can be compensated by using a ¥4 waveplate, and a

polarizer can be used to suppress surface scattering after it is linearized by the phase plate.

18671} Figure 2 is a graph showing how various signal parameters change as a function of
the incidence linear polarization angle and how they can cohesively affect the defect SNR
and selection of the illumination polarization angle. The horizontal axis of Figure 2
indicates the linear incidence polarization angle. An illumination angle of 0 degrees
corresponds to P polarization (E field parallel to plane of incidence} and 90 degrees

corresponds to S polarization (E field perpendicular to plane of incidence).

100872} As shown in Figures 3A-B, polarnization orthogonality under P polarization is high
towards forward edge portions of the pupil (302a and 302b). In contrast, polarization
orthogonality 1s low under S polarization throughout the entire pupil as shown 1n Figures
3C-D. This effect indicates, as illumination polarization changes from § to P, that
polarization orthogonality gradually increases as illustrated by the thick dashed line in
Figure 2, which is labeled from S on the far right of the horizontal axis to P on the far left

and at the origin of this axis.

[00673] Additionally, in Figure 2, the defect SNR (200} is proportional to defect signal
divided by total wafer haze, and then multiplied by a polarization orthogonality factor. The
more orthogonality there is between defect and wafer scattering polarization implies a
higher probability that defect signal could be separated from wafer sigonal by an optical
analyzer. Accordingly, the polarization orthogonality may have an optimum value (210),
which is an intermediate polarization state between S and P, and which results in a SNR.

peak {(on curve 206), which also corresponds to maximized defect sensitivity,

12
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18674} Figure 4 illustrates the results of a set of numerical simulations based on an 80nm
$10; particle defect on a rough seed Cu wafer. Both the particle scattering and wafer
scattering are shown at three linear incidence polarization status, LO(P), L90O(8) and 145,
where 145 means the incident light is hinearly polarnized and its polarization angle 15 45-
degrees relative to LO(P) and L90(8). The corresponding polarization orthogonality maps
are plotted at the 3rd column of Figure 4. Increasing brightness levels represent increasing
polarization orthogonality values (white being highest). Thus, 145 apparently maximizes
polarization orthogonality particularly towards the bottom half of the pupil. In the 4th
column of Figure 4, the particle signal multiplied by the polarization orthogonality factor
is plotted since it is desirable to also consider the relative intensity of the particle signal. In
general, the linear incidence polarization of 145 has a better defect sensitivity compared to
either pure 8§ or P illumination polarization. In addition, the simulation results indicate that
a mask applied towards the bottom half of the pupil (encircled by the thick dotted line 402)
could further enhance defect sensitivity. These simulations show that an intermediate

polarization state near L4S could maximize defect sensitivity.

18675} It 153 worth to note that optimization of incidence polarization may not work for all
cases. For instance, Figure 5 shows simulations of 20om S102 particle defect scattering on
a smooth bare St wafer. As incidence polarization changes from LO(P) to L90(S), both
particie signal and wafter haze decreases while particle signal drops at a faster rate.
Meanwhile polarization orthogonality monotonically decreases towards L90. This means
that the best case is to apply an analyzer at LO(P), as disclosed in U.S. Patent No. 8,891,079
B2 by Zhao et al, instead of at an intermediate polarization status. In addition, the
simulation results indicate that a mask applied towards certain portions of the pupil (two
areas 502a and 502b encircled by the thick dotted lines) could further enhance defect

sensitivity.

18676} One of the advantages of the above SNR optimization process is that, as long as
defect scattering and wafer scattering properties at the pupil can be extracted, the
optimization pipeline is unrelated to which type of waveplate or analyzer is applied.
Alternatively speaking, polarization orthogonality is an intrinsic parameter determined

solely by the defect and wafer scattering properties.
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18677F While in reality for different wafer and defect types, it is an overwhelmingly
challenging task to accurately predict how the optical scattering behaves under different
tilumination polarization states. When little information is known for both defect size and
wafer structures, it 15 merely possible to retrieve some information from numerical
simuiations. A relatively practical approach is 10 measure the full scattering maps of both

wafer and defect areas of interest at any given iHumination polarization state.

10078} To summarize, ilumination polarization may be fully optimized at states between
P and § states, including states other than P, 8§, or circular polarization, in addition to
optimized collection masks, waveplates, and analyzers. Such combination may
additionally offer supplementary improvement of SNR, as compared to strict P and S

systems.

10079] Any suitable tool may be utilized, as long as variable polarization states that are
between § and P polarization states may be setup on the tool. The selectable polarization
states include S and P polarization states, as well as states that are not S or P polanization.
In general, an applicable inspection tool for implementation of techniques of the present
invention may include at least one light source for generating an incident light beam at
different polarization states. Such an inspection may also include dlumination optics for
directing the incident beam to the area-of-interest, collection optics for directing scattered
electromagnetic waveforms (e.g., scattered hight, X-rays, etc ) from the area-of-interest in
response to the incident beam, a sensor for detecting this scattered output and generating
an image or signal from the detected scattered output, and a controller or computer
subsystem for controlling the components of the inspection tool and facilitating defect

detection in various materials and structures as described further herein.

10080} Figure 6 1s a diagramumatic representation of an iunspection systern 600 in
accordance with one embodiment of the present invention. As shown, the system includes
an iHumination subsystern 602 for generating an incident beam {e.g, any suitable
electromagnetic wavetform} and directing such beam towards an objective system 604 and
then towards a sample 606, such as a wafer. The illumination subsystemn 602 may also be

configured to control the incidence polarization state onto the sample 606.
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10081} Examples of light sources for generating the incident beam include a laser-driven
light source, a high-power plasma light source, a transilumination light source (e.g.,
halogen or Xe lamp), a filtered lamp, LED light sources, etc. The inspection system may
include any suitable number and type of additional light sources, including broadband light

SOUICEs,

18682} The incident beam from the light source may generally pass through any number
and type of lenses which serve to relay (e.g., shape, focus or adjust focus offset, filter/select
wavelengths, filter/select polarization states, resize, magnity, reduce distortion, etc.) the
beam towards a sample. For instance, the illumination module 602 may also include any

number of lingar polarizers and waveplates as described further herein.

0083} In response to the incident beam impinging on the sample, scattered light may then
be recetved and directed by a collection system 605 towards one or more sensors {e.g., 622
and 618). The objective system 604 collects scattered light from the wafer. The collection
system 605 may include any suitable number and type of optical components, such as
aperture ot field stop 607, collimator 608, aperture mask 610, analyzer subsystem 612,
splitter 614, and focus lens 616 and 620 for tocusing the scattered light towards respective
detectors 618 and 622. A magnified image of wafer is formed on the image sensor at back
end of collection path. By way of example, each detector may be in the form of a CCD
{charge coupled device) or TDI (time delay integration) detector, photomultiplier tube

(PMT}, or other sensor.

10084 Analyzer subsystem 612 generally includes multiple optical elements for analyzing
scattered hight and optimizing defect sensitivity, in conjunction with the iHumination
subsystem 602 being optimized to a selected illumination polarization. Malus' law, which
is named after Etienne-Louis Malus, says that when a perfect polarizer is placed in a

polarized beam of light, the intensity, I, of the light that passes through is given by:
[0085] = Iocos™ds

10086} where Ip i1s the initial intensity, and 0: is the angle between the light's initial
polarization direction and the axis of the polarizer. In general, a beam of unpolarized light

can be thought of as containing a uniform mixture of linear polarizations at all possible
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angles. Since the average value of cos’@ is 1/2, the average transmission coefficient

becomes:
[6087] Vio=1/2

{6088} If two polarizers are placed one after another (the second polarizer is generally
called an analyzer), the mutual angle between their polarizing axes gives the value of 8 in
Malus' law. If the two axes are orthogonal, the polarizers are crossed and, in theory, no

light 1s transmitted.

10089] A computer subsystern is connected to both illumination subsystern and analyzer
subsystem for automated control. For instance, the signals captured by each detector can
be processed by computer subsystem 624, which may include a signal processing device
baving an analog-to-digital converter configured to convert analog signals from each
sensor into digital signals for processing. The computer subsystem 624 may be configured
to analyze intensity, phase, and/or other characteristics of the sensed light beam. The

computer subsystem 624 may be configured (e.g

b

with programming instructions) to
provide a user interface (e.g., on a computer screen) for displaying resultant images and
other inspection characteristics as described further herein. The computer subsystem 624
may also include one or more input devices {e.g., a kevboard, mouse, joystick) for
providing user input {e.g., as changing wavelength, polarization, mask configuration,
aperture configuration, etc.), viewing detection results data or images, setting up an

inspection tool recipe, etc.

18690} The computer subsystem 624 may be any suitable combination of software and
hardware and is generally configured to control various components or other controllers of
the inspection system. The computer subsysten 624 may control selective activation of the
tllumination source, the illumination or output aperture settings, wavelength band, focus
offset sefting, polarization settings, analyzer settings, etc. The computer subsystem 624
may also be configured to receive images or signals generated by each detector and analyze
the resulting images or signals to determine whether defects are present oun the saruple,
characterize defects present on the sample, or otherwise characterize the sample. For
example, the computer subsystem 624 may mclude a processor, memory, and other

computer peripherals that are programmed to implement instructions of the method
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embodiments of the present invention. The computer subsystem 624 may also have one or
more processors coupled to input/output ports, and one or more memories via appropriate

buses or other communication mechanisms.

16691} Because such information and program instructions may be implemented on a
specially configured computer system, such a system includes program instructions /
computer code for performing various operations described herein that can be stored on a
computer readable media. Examples of machine-readable media include, but are not
limited to, magnetic media such as hard disks, floppy disks, and magnetic tape; optical
media such as CD-ROM disks; magneto-optical media such as optical disks; and hardware
devices that are spectally configured to store and perform program instructions, such as
read-only memory devices (ROM) and random access memory (RAM). Examples of
program tnstructions include both machine code, such as produced by a comptler, and files

containing higher level code that may be executed by the computer using an interpreter.

[0092] System embodiments of the present invention described herein can be used to
characterize optical scaitering intensity and polarization states of defects and wafer
background while also optimizing the illumination polarization, in conjunction with
optitnizing the collection aperture mask, waveplate and analyzer. Compared to prior
architectures with only P, §, or circular illumination polarization, embodiments of the
present invention improve defect sensitivity on both opaque rough film waters and pattern
wafters. When configured to characterize optical scattering from waters, system
embodiments of the present invention can provide a polarimetry scatterometer capable of
capturing high dynamic range (HDR) Stokes vector maps of scattered light at the pupil
plane of the microscope objective. Adopting different field stops and aperture masks, both
the intensity distribution and polarization status of scattered light from a defect and wafer

can be extracted, which later can assist defect sensitivity optimization.

18093} When customized to improve defect sensitivity, certain embodiments of the present
inventton are configurable to output an arbitrary illumination polarization state while
simultaneously optimizing the collection mask and analyzer, so as to find an optimal
combination of configurable variables of the optical system as further described herein.

Bench test results show 1.6x to 4x improvement of SINR of deposited 8102 particle defects
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on opaque film wafers and 1.7x SNR improvement of protrusion defects on line pattern

wafers, compared to conventionally optirnal imaging modes as baselines.

16694} Figure 7 shows detatled schematics of one possible implementation of an inspection
apparatus 700 in accordance with one embodiment of the present invention. This inspection
system has an S-to-P variable polarization range for illumination and collection. Similarly
to the system of Figure 0, a dark field microscope objective 704 may be employed to collect
scattered light from the sample. For a polarimetric scatterometry characterization
application, the objective lens may have these four features: 1) high numerical aperture
(NA) imaging {e.g., greater than about NA 0.9) enabling collection of as much scattered
fight as possible towards higher spatial frequency, 2) polarization states of scattered light
is generally preserved, 3) an accessible pupil plane at which an analyzer and mask are

located, and 4) an accessible field plane at which configurable field stops could be inserted.

16695} The tllumination subsystem 702 shown tn Figure 7 may include a light source 702a
along with four polarization elements: a first 2 waveplate 702b, a linear polarizer 702¢, a
second Y2 waveplate 702d, and a ¥4 waveplate 702e. The illumination subsystem 702 is
generally configurable and freely manipulated so as to produce illumination polarization
status other than a P, S, or circular state. More generally, the illumination optics subsystem
may include one or more polarization components for adjusting a ratio and/or phase

difference tor the incident beam’s electric field components.

18696} The tllumination subsystem 702 may include any suitable components, optical or
otherwise, to control power. In the illustrated embodiment, the linear polarizer 702¢ has a
fixed position to extinguish polarization in every direction, except in one linear direction.
The first rotatable 2 waveplate 702b shifts the direction of the linearly polarized light that
is received from the linear polarizer 702¢. The combination of the first rotatable 12
waveplate 702b and linear polarizer 702¢ controls incidence power and increases dynamic
range of the system. The iHumination subsystem may also include one or more polarization
components for introducing a polarization state in the incident beam that is between S and
P states. The Y2 waveplate 702b serves to rotate the incident light’s polarization direction
by O to 180 degrees without a change in intensity, while the linear polarizer 702¢

extinguishes polarized light and controls incidence power. Any other suitable components
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for controlling power and/or increasing the dynamic range may be utilized in place ofa ¥4

waveplate and linear polarizer combination.

16697} The rotatable second 2 waveplate 702d generally controls the incidence light’s
linear polarization angle, and the rotatable 4 waveplate 702¢ controls the degree of
elliptical polarization. Specifically, the addition of the second rotatable V2 waveplate 702d
in a position after the linear polarizer provides a mechanism to continuously adjust the
polarization angle to values between S and P. More specifically, the polarization angle will
be 20, which is twice the angle between the incident polarization angle and the fast axis of
the V2 waveplate 702d. Thus, the 2 waveplate 702d is rotated to a position that is ¥4 the
desired rotation for the polarization. As tllusirated by an example shown in Figure 8, the
incident polarization (P7), which is oriented in a P polanization direction, is rotated by 20
to result in vector v when a 2 waveplate is positioned at angle ©. Referring to the example
of Figure 2, the 2™ V4 waveplate 702d would be rotated to produce a polarization 210 that
corresponds to the maximum particle signal 206 (and a signuficantly lower water signal

204).

10098} The Y4 waveplate 702¢ can be used and positioned to change the phase of the
incident light. For instance, the 4 waveplate 702¢ is positioned to generate circular or

eliptical polarized incident light. This 12 waveplate 702¢ is optional.

16699} Along the collection path sequence, a collection subsystem includes a full field stop
707, a collimator 708, an aperture mask 710 at a conjugate pupil plane, a rotatable %
waveplate 712a, a rotatable linear polarizer (or analyzer) 712b, relay lens 714, Fourier
plane (FP) lens 716, and an tmage sensor 718, Both the field stop 707 and the aperture
mask 710 may be adjustable so that an area of the pupil plane that is more sensitive to
wafer scattering, as compared with background scattering, reaches a sensor 718, Both the
Ve waveplate 712a and linear polarizer 712b, as well as the FP lens, may be slidably
positioned in and out of the optical path for flexible control of scattered light from the

sample 706.

[60100] While the system is configured for scatterometry measurements, for example, a
tull size field stop and a full size aperture mask can be used. Figure 9A shows a plurality

of differently sized field stop configurations FS1, FS2, FS3, and FS4, while Figure 9B
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shows a plurality of differently sized aperture mask configurations AMT, AM2, AM3, and
AM4. The full size field stop is labelled FS1, while the full size aperture mask 15 labeled
AMI1.

[06101] In some examples, the light reflected and scattered from a perfectly flat surface
{e.g., mirror) tends to not have a phase shift so that the scattered and retflected light has
correlated phase, which results in linear or elliptical/circular polarized wafer scattered light.
In other cases, different parts of the water scattering can be both unpolarized and polarized
{e.g., partially polarized). That is, the wafer scaitered light can be unpolarized in certain
portions of the pupil plane. In a specific example, unpolarized light may result from a
relative rough surface, such as 10-20 nm or higher relative to a 266 nm wavelength for
incidence light {as compared with less than 0.1 or | nm for a smooth surface). The wafer
scattered light will tend to be linear or elliptical/circular scattered as a function of scattering
angle. Said in another way, an incident beam can impinge at different angles with respect
to the peaks and valleys in the surface topography and result in the scattered light
constructively interfering for certain angles to result in linear or elliptical/circular polarized
wafer scattering. Conversely, the scattered wafer light destructively interferes at other
angles so that it becomes unpolarized. Accordingly, different portions of unpolarized light,

which is difficult to fully extinguish, can be partially blocked by the aperture mask 710.

1006102] The conhigurable Y4 waveplate 712a and linear polarizer 712b are positioned
relative to one another and together forms the analyzer subsystem 712, Optionally, any
waveplate may be utilized and is configured for adjusting a phase difference for the
collected scattered light’s electric field components. Both the ¥4 waveplate 712a and linear
polarizer 712b may be insertable into the optical path. The V4 waveplate 712a serves to
produce linear polarized light from elliptical/circular polarized light, such as wafer
scattering, while simultanecusly meodulating the polarization status of particle/defect
scattering. The linear polarizer 712b extends the output beam’s polarization in a particular
direction. If the linear polarizer 712b is aligned perpendicularly to the linearized
polarization direction of the wafer scattering, the wafer scattering will be fully extinguished
or at least reduced to undetectable or minimally detectable levels so that SNR is

maximized.
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106103] In addition, relay lens 714 and FP lens 716 together image the pupil or aperture
mask onto the image sensor 718, The sensor 718 only captures the aperture mask image
when the FP relay lens 716 is inserted into the optical path. In this example, the image
sensor 718 captures a full size pupil image, instead of the water image, when the aperture

mask is fully open (AM1), where x” (NAx) and vy’ (NAy) are pupil coordinates.

1881904] In general, the Stokes equations may be used to optimize the tool settings as further
described herein. Any suitable process for optimizing the polarization and aperture settings
of an optical tool may be utilized. Figure 10 is a tlow chart illustrating an optimization
process 1000 in accordance with a specific implementation of the present invention.
Initially, a wafer with a known defect type and location is provided in operation 1001, For
instance, a defect formed from a selected material is deposited on a bare water surface. A
wafer may include known defects of various sizes and types, which have been formed at
specific locations. Fach defect may also be, for example, imaged with a high-resolution
tool, such as a scanning electron microscope, to locate such defect’s location. After the
defect locations are determined, the wafer, along with defect locations, may then be loaded
onto a stage of an optical tool, and such stage can be moved relative to the optical tool’s

iltumination column so that the defect will be imaged.

[60105] An incidence polarization may then be selected in operation 1002, For instance, a
polarization setting may be initially selected (or adjusted) via a second Y2 waveplate 702d
on the illumination side (e.g., Figure 7). Various settings may be tried for the process 1000

below so as to find optimal settings for maximized defect sensitivity.

166196] To enable localized characterization for a region of interest on waters, different
field stops may be applied to obviate the light scattered from unwanted areas inside the
sensor’s field of view. In an example in which wafers have small array regions surrounded
by page breaks or logic areas, a cropped field stop may be employed such as FS2 or FS3
iltustrated in Figure 9A. In an extreme case, the size of the field stop may be further reduced
to enclose only a single defect of interest, such as F84. However, this last setting requires
the wafer scattering to be much lower compared to defect scattering, such as a relatively
targe particle deposited on smooth bare silicon surface, so that the measured scattering map

will represent mostly the signal coming from the defect and not the wafer.
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1861907] Thus, a field stop for imaging the defect location may be selected to obtain a defect
scattering map in operation 1004, For instance, the field stop FS4 (see Figure 9A) may be
selected to position over the defect’s known position, excluding the surrounding wafer
surface. For each of four or more (N>4) ¥4 waveplate angles B, a defect scattering map
may then be obtained in operation 1006. That is, the reflected and scattered intensity for

each pixel of the imaged pupil or pupil plane is obtained (e.g., as imaged on sensor 718).

100108] The defect Stokes parameters for each pupil position may then be determined in
operation 1008. Assuming the linear polarizer 712b is aligned along x’ direction and the %
waveplate rotation angle 1s §3, the puptl image is related to the four elements of the Stokes

vector by the following equation:

. 1 1
Hx, yy==8,& V) +— S(xy
(yh=7 (%, ) p S

ri S,(x, Y ycos(4 /)
[00109] (10)
S, ) sin4 )

T I N

$,(x'.y)sin(2)

[661190] The above Equation (10} could be rewritten as follows:
100111 v =x, +ax, +bx, +cx,
[00112] with i=1-N.
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180115] To solve the Stokes vector as defined in Equation (3) and as shown in Equation
{10y and (11), the Y2 waveplate 712a is rotated to N (N>4) discrete angles B in the range of
0 to 180 degrees, ie., 1=1~N in Equation (11). Additionally, each N pupil image
corresponds to a discrete Y4 waveplate angle §. In general, Stokes vectors at each individual
pixel may be calculated based on the N pupil images. For example, four different
measurerents at the four different angles may be obtained to solve for four unknowns: So-
Sz, The output of scatterometry measurements is a four-elements Stokes vector for each

pixel of the pupil image, with each element of Stokes vector in the form of a 2-D matnix:

S:} (x q’ y ’) = z‘cﬂ - ij
Sty =4y

12)
S {x\y)=4x, (2

[06116] —
1 S{x, ¥ =2x,

100117} A sinular imaging and Stokes calculation process may be performed tor the wafer
region {non-defect or bare wafer area) in parallel or sequentially with the defect process.
For instance, the field stop for imaging the wafer region may be selected to obtain a wafer
scattering map in operation 1010, For instance, a larger field stop, such as FS2, may be

positioned over a water region. For each of tour or more (N>4) V2 waveplate angles, a wafer
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scattering map may be obtained for the pupil in operation 1012, The wafer Stokes

parameters for each pupil position may then be determined 1o operation 1014,

106118] A polarization orthogonality map may then be generated based on the determined
Stokes parameters for the defect and wafer scattering maps in operation 1016. Other
polarization or light properties may also be determined 1n operation 1016, Knowing the
four elements of Stokes vector for each wafer and particle position as shown in Equation
{12), polarization properties of the combined scatiered light may then be extracted,
including the polarized light intensity distribution Spol (Equation 4), the phase of polarized
light & (Equation 8), and the degree of polarization p (Equation 6). Together with the first
element of Stokes vector Sp representing the total scattering intensity distribution of
scattering maps, the scatterometry measurements can be used to unveil a full picture of
how wafer scattering is distributed, polarized, and depolarized at the pupd of the
microscope objective. This full picture can be used to select optimal tool configuration for

maximizing defect sensitivity.

[86119] The relative polanization orthogonality and intensity distribution may then be
compared in operation 1018. The inspection system configuration may then be optimized
to maximize defect sensitivity based on relative coraparison of pelarization orthogonality
and intensity distribution in operation 1020, and the process 1000 ends. The analyzer
setting will be most effective within the pupil space in which polarization orthogonality is
as high as possible, while mask optimization makes efficient use of scatiering intensity
distribution. The specifically configured system may then be used to locate unknown
defects on a wafer using any suitable inspection process, such as comparing to known
defect scattering signatures, a reference image obtained from an identical die or cell, or a

rendered reference image.

10012¢] By appropriately weighting one factor over another, such as relative defect
intensity and polarization orthogonality, the optimization process shall ultimately lead to a
preferable combination of configurable variables of the optical system to obtain a
maximized defect sensitivity. That 1s, light tfrom the wafer surface 1s blocked as much as
possible, while blocking only a minimal amount of defect light. For instance, the wafer

signal may be elliptical, while the particle signal is not elliptical. In this example, elliptical
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light can be blocked. A V4 waveplate in the collection path (e.g.,, 712a) can be positioned
and rotated to convert circularly or elliptically polarized water light into linear polarized

wafer light, which can then be blocked with an analyzer (e.g., linear polarizer 712b).

[06121] The above optimization process may then be repeated for different illumination
polarization settings. If the results of the measurements and determined polarization
parameters were represented by the example of Figure 4, by way of example, an incident
linear polanzation of 145 has a better defect sensitivity, as compared to either pure Sor P
tllumination polarization. In addition, a mask applied towards the bottom half of the pupil

{encircled by the thick dotted line 402) could further enhance defect sensitivity.

100122] Alternatively, an optimization process 1100 may be performed offline in an
tterative manner as illustrated in Figure 11. Similar to the process 1000 of Figure 10, a
wafer with a known defect type and focationis provided in operation 1001 and anincidence
polarization is selected in operation 1002, A defect scattering map (1104) and wafer
scattering map (1105) may be obtained. The defect and wafer scattering maps may be

obtained by imaging with a full-size aperture (AM1).

100123} Instead of imaging at different selected physical Y4 waveplate and analyzer settings
on the tool itself, an aperture mask, a ¥: waveplate, and an analyzer could be applied
numerically to both defect and wafer scattering maps in operations 1106, 1110, and 1112,
respectively. The SNR may then be estimated based on the adjusted defect and water
scattering maps in operation 1114, It may then be determined whether the estimated SNR
is optimized in operation 1116. For example, the aperture mask, Vs waveplate, and analyzer
may be configured in various combinations until a maximized SNR is reached and the
process 1100 ends.

[06124] In certain embodiments, a ¥4 waveplate 15 applied ahead of applying the linear
analyzer. This configuration can be beneficial in the case in which wafer scattering is
elliptically or circularly polarized, which a ¥4 waveplate could convert it into linearly
polarized light and, hence, be fully extinguished by the linear analyzer.

[66125] There may be two disadvantages with directly characterizing defect scattering at

the pupil plane. First, it may sometimes be difficult to separate defect and wafer scattering
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at the pupil space. Secondly, an excessively small field stop FS4 may adversely impact the
speckle noise of the pupil image. In an alternative implementation as shown 1o Figure 12,
systen 1200 may include a translatable small size aperture mask 1210 together with a full
size field stop FS1 1202, In addition, the FP relay lens 716 may be removed so that image

sensor 718 captures the defect image, instead of the pupil image.

188126] Stokes vectors (1200) of the defect pixels may then be calculated at each aperture
mask XY position {e.g,, 1212a and 1212b). Finally, a full scattering map (1204) of the
defect at the pupil plane may be reconstructed by interpolation of Stokes vectors (1206)
captured on wafer images. In other words, Stokes vector {1204} at the pupil plane may be
discretely sampled by successively translating the aperture mask (1212a, 1212b, .. ) across
the entire aperture and then fused from multiple Stokes vectors captured at the image plane

(1206).

166127 Along with the above described techniques and systems, any suitable number and
type of techniques may be implemented to improve the dynamic range of the scatterometry
measurements. For example, the iHumination subsystem may be configured to modulate
the incident power from 100% to below 0.1%. Secondly, the exposure time of the image
sensor may be adjusted from about a microsecond to about a second level. Moreover,
neutral density filters may be inserted at the pupil plane to further increase dynamic range.
The overall dynamic range, therefore, could well exceed 10*, which would be particularty
beneficial for characterizing wafers with strong specular reflection or non-zero order

diffractions.

100128] Defect sensitivity improvements may be observed for a number of opaqgue rough
film wafers as well as on pattern wafers. Figure 13 represents one possible step by step
optimization for a 48 Snru Si102 particle deposited on a W film wafer in accordance with a
spectfic application of the present tnvention. The starting point is S illumination with
unpolarized full aperture collection. This setting has conventionally been adopted as an
optimal mode for detecting medium size particles on rougher films. The baseline SN
{(signal to noise) value is 16.99. In the second column, illumination polarization is changed
from pure S (1.90) to LS6 while leaving the collection optics unchanged. An L3536

polarization state means that the illumination source is still linearly polarized but the E
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field is rotated 56-deg off the plane of incidence. In this case, the SN value has dropped to
9.48. Further in the third column, a vertically oriented ¥4 waveplate and a 70-deg linear
polarizer are applied in sequence in the imaging chain. An instant result of this change is
that the bottom part of the pupil plane becomes darker indicating water scattering is
significantly suppressed therein. Finally, an aperture mask is applied to the bottom half of
the pupil plane. The resulting optimized SN value is 46.57, which represent about a 2.7x

improvement versus the baseline S illumination with unpolarized full aperture collection.

[60129] It has been found that as illumination changes from S (190} to L56, the particle
signal drops, contributing to a reduction of SN from 16.99 to 9. 48 However, polarization
orthogonality increases simultaneocusly as illumination polarization changes from § to P.
When a V2 waveplate is applied, the polarization state on part of the wafer scattering is
converted to linear polarization, which can then be fully extinguished by a linear polarizer.
Finally, when an aperture mask that only covers the optimized low haze region of the pupil
is applied, the particle SN 1s significantly improved, as compared to pure S polarization

tilumination.

180130] Experimental results show a particle sensitivity improvement that is consistent
among a few rough film wafters, including seed Cu, poly, CMP Cu, and W. Shown in Figure
14 is a bar chart of SN values of deposited Si0O2 particles under five imaging modes: (1)
PU full: P polarization tllumination with unpolarized tull aperture collection, (2) PL mask
(half): P polarization illumination with optimal linear analvzer and mask, (3) LOQL:
arbitrary linear polarization illumination with ¥4 waveplate and optimal linear analyzer and
mask, {(4) SU back: S polarization Hlumination with unpolarized backward collection, and

(5) SU full: S polarization illumination with unpolarized full collection.

86131] All SN values are normalized with respect to LOL mode for easier comparison.
For relatively rougher films (seed Cu, poly, CMP Cu, and W), the optimal mode appears
to be LQL with an intermediate llumination polarization state between P and S, consistent
with simulations shown in Figure 4. The SN improvement ratio ranges from 1.6x {(poly
with strong depolarization) to 4x {CMP Cu with less depolarization), compared to the best
of conventional baseline mode. For a relatively smooth Epi wafer, however, the optimal

mode appears to be PL mask (half), in agreement with simulations shown in Figure 5. The
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reason may be that for small size particles on smooth surface, the particle signal under P
ilfumination is stronger than under S iHumination. In addition, the particle scattering
polarization is crossed with wafer scattering. Therefore, it may be predicted that as the
optimization process keeps being implemented for smaller and smaller particles on smooth
film, the LOL mode will eventually converge to the PL mask mode where P polarization

is preferred over other polarization states.

100132] The particle sensitivity may also be further improved by two sequential scans with
different linear incidence polarizations. As shown in Figure 15, the first scan 1502a adopted
the same settings of illumination polanization and collection optics as shown in Figure 13.
In the second scan 1502b, illumination polarization is rotated to the opposite direction with
respect to the plane of incidence, noted as L-56; collection analyzer is correspondingly
changed to 110-deg; and aperture mask is moved to the upper portion of pupil. Since the
aperture masks of two scans take two different regions of the pupil space, their speckle
noises are uncorrelated. The defect images could be added 1ncoherently with an additional
~1.4x reduction ratio of wafer noise as shown by incoherent summed image 1502c.
However, it is worth noting that this technique requires defect responsivity to be consistent
with two symmetric linear incidence polarization angles, so that defect signal will not be

dropped by the incoherent sum of two images.

[86133] Sensitivity improvement is further shown on pattern waters with line space
structures and protrusion defects. Shown in Figure 16 are images 1602a of protrusion DO
(Defect of Interest) that are taken under conventional S polarization ilumination with
unpolarized optimal collection masks. The white arrow in the first image (top-left)
indicates the illumination azimuth direction which is also the direction of line patterns.
Corresponding defect images 1602Zb with optimized linear incidence polarization,
collection aperture, 4 waveplate, and analyzer are shown. On average the SN improvement

ratio is 1.7x compared to baseline S polarization llumination.

[66134] Figure 17 illustrates an alternative embodiment of an tnspection apparatus 1700,
The microscope objective, illumination subsysterm, and collection aperture mask are the
same as in Figure 7. In the collection path however the ¥4 waveplate 1712a and linear

polarizer 1712b are sequentially positioned at two conjugate field planes. The system also
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includes refay lens 1714a and 1714b for relaving such image towards the sensor 718.
Counsequently, either analyzing or modulation of the polanization status of scattered light is

realized at an intermediate image plane, instead of at the pupil plane.

[66135] In another alternative embodiment, a bright field type microscope objective may
be implemented. As shown in Figure 18, instead of iluminating the water from outside of
the objective lens using a narrowband light socurce such as a laser, a broadband source
1802a, such as a lamp or LED, illuminates the water through the microscope objective
1804, To enable flexible control of illumination polarization states, similarly along the
tllumination path are positioned a linear polarizer 1812a, a 2 waveplate 1812b to rotate the
tinear polarization angle, and a V4 waveplate 1812¢ to modulate the degree of elliptical
polarization. An illumination aperture 1806 is applied to spatially filter the illumination
source so that the collection path may be customized as DF imaging mode. The
tilumination path and collection path are separated by a beamsplitter 1808. In the collection
path following the beamsplitter 1808, similar optical elements as shown in Figure 7 are
arranged. This embodiment shows that flexible illumination polarization control and
optirnization may be carried out on most existing BF wafer inspection tools as on those DF

inspection tools.

[60136] Certain embodiments of the present invention provide optimization of
tlumination polarization at arbitrary polarization states, besides S and P. In other words,
the system improves defect sensitivity by modulating illumination polarization between P
and S and balancing between a scattering intensity factor and a polarization orthogonality
factor. This flexible design inherently provides a new degree of freedom of optimization
that rarely has been attempted in prior arts. Additionally, a ¥4 waveplate along with an
optimized analyzer maximizes suppression of wafer noise in cases in which it is either
elliptically or circularly polarized. Compared to techniques for reducing wafer noise using
only the analyzer, certain embodiments provide a more effective noise suppression solution
and, hence, possibly leading to much better sensitivity. Experimental results have
demounstrated 1.6x to 4x SN improvement of deposited S102 particles on opaque rough
film wafers. While on line pattern wafer with protrusion DOls, on average 1.7x SN

improvement 1s achieved in comparison with baseline S polarization illumination.
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186137] Two sequential scans with opposite linear polarization angles of the illumination
source may also be applied. Due to symmetry, the optimal collection masks of the two
scans generally cover different portions of the imaging pupil. As a result, the cross
correlation of the background speckle of two scans are ikely very low In turn ~1 4x further
reduction of speckle noise could be achieved by incoherently addition of the defect image

of two scans.

166138] Certain embodiments of the present invention enable polarimetric scatterometery
characterization of scattered light of both defects and wafers. The measurements described
herein can be used to unveil important characteristics about wafer scattering, including
scattering intensity distribution, intensity of polarized scattered light, phase of polarized
scattered light, and degree of polarization. This information can then be used either for
defect sensitivity optimization or for defect classification, such as using phase and degree

of polarization on individual defect pixels.

[66139] Other applications can provide SN improvement of defects on rough film wafers
and array patterned wafers. An optimum ilumination polarization angle {wrt incident
plane) that provides better SN for rough films, when combined with phase retardation
compensation and analyzer. Use of a ¥4 waveplate together with an optimal analyzer can
maximize suppression of wafer noise. Polarimetric scatterometry mapping capability may
also be provided on both defect and wafer scattering. Additionally, defect classification
capability can be accomplished using phase or degree of polarization information of
scattered light. The techniques and systems described herein can be combined with
structured Hlumination to further improve seusitivity. The techniques and systems
described herein can also be combined with solid or liquid immersion to further improve

sensitivity.

106148] Regardless of the particular system embodiment, each optical element may be
optimized for the particular wavelength range of the light in the path of such optical
element. Optimization may include minimizing wavelength-dependent aberrations, for
example, by selection of glass type, arrangement, shapes, and coatings {e.g., anti-reflective
coatings, highly retlective coatings) for minimizing aberrations for the corresponding

wavelength range. For example, the lenses are arranged to minimize the effects caused by
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dispersion by shorter or longer wavelength ranges. In another embodiment, all the optical
elements are reflective. Examples of reflective inspection systems and configurations are
turther described in U.S. Patent No. 7,351,980 issued 1 April 2008, which is incorporated

herein by reference in its entirety.

1006141 The optical layout of the inspection tool can vary from that described above. For
example, the system microscope objective lens can be one of many possible layouts, as
long as the transmission coatings are optimized for the particular selected wavelength band
or sub-band and the aberration over each waveband is minimized. Different light sources
can be used for each path. For instance, a Xe source may be used for the long wavelength
path and an HgXe or Hg lamp may be used for the short wavelength path. Multiple LED
or speckle buster laser diodes are also possible sources for each path. The zoom ratio can
be modified to include different magnification ranges either via a lens-ouly approach, a

mostly fixed lens with an optical trombone, or any combination thereof.

[06142] Asillustrated above, the sample may also be placed on a stage of the inspection
system, and the inspection system may also inclhude a positioning mechanism for moving
the stage (and sample} relative to the incident beam. By way of examples, one or more
motor mechanisms may each be formed from a screw drive and stepper motor, linear drive
with feedback position, or band actuator and stepper motor. The one or more positioning
mechanisms may also be configured to move other components of the inspection system,
such as illumination or collection mirrors, apertures, FP relay lens, wavelength filters,

polarizers, analyzers, waveplates, etc.

100143} It should be noted that the above description and drawings of an 1nspection system
are not to be construed as a limitation on the specific components of the system and that
the system may be embodied in many other torms. For example, it is contemplated that the
inspection or measurement tool may have any suitable features from any number of known
imaging or metrology tools arranged for detecting defects and/or resolving the critical
aspects of features of a reticle or wafer. By way of example, an inspection or measurement
tool may be adapted for bright field imaging microscopy, dark field imaging microscopy,
full sky imaging microscopy, phase contrast microscopy, polarization contrast ricroscopy,

and coherence probe microscopy. H is also contemplated that single and multiple image
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methods may be used in order to capture images of the target. These methods include, for
exaruple, single grab, double grab, single grab coherence probe microscopy (CPM) and
double grab CPM methods. Non-imaging optical methods, such as scatterometry, may also

be contemplated as forming part of the inspection or metrology apparatus.

100144} Aoy suitable lens arrangement may be used to direct the incident bearn towards
the sample and direct the output beam emanating from the sample towards a detector. The
ilfumination and collection optical elements of the system may be reflective or
transmissive. The output beam may be reflected or scattered from the sample or
transmitted through the sample. Likewise, any suitable detector type or number of
detection elements may be used to receive the output beam and provide an image or a signal

based on the characteristics {e.g., intensity} of the received output beam.

106145] Although the foregoing invention has been described in some detail for purposes
of clarity of understanding, it will be apparent that certain changes and modifications may
be practiced within the scope of the appended claims. ¥t should be noted that there are
many alternative ways of implementing the processes, systems, and apparatus of the
present invention. For example, the detect detection characteristic data may be obtained
from a transmitted, reflected, or a combination output beam. Accordingly, the present
embodiments are to be considered as illustrative and not restrictive, and the invention is

not to be himited to the details given herein.
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CLAIMS
What is claimed is:

1. Aninspection system for inspecting a semiconductor sample, comprising

an llumination optics subsystem for generating and directing an incident beam
towards a defect on a surface of a wafer, wherein the illumination optics subsystem
includes a light source for generating the incident beam and one or more polarization
components for adjusting a ratio and/or a phase difference for the incident beam’s electric
field components;

a collection optics subsystem for collecting scattered light from the defect and/or
surface in response to the incident beam, wherein the collection optics subsystem
comprises an adjustable aperture at the pupil plane, followed by a rotatable waveplate for
adjusting a phase difference of electric field components of the collected scattered light,
followed by a rotatable analyzer; and

a controltler that is configured to perform the following operations:

selecting a polarization of the incident beam;

obtaining a defect scattering map;

obtaining a surface scattering map; and

determining a configuration of the one or more polarization components,
aperture mask, and rotatable waveplate, and analyvzer based on analysis of the

defect and surface scattering maps so as to maximize a defect signal to noise ratio.

2. The system of claim 1, wherein the defect and surface maps are cbtained at four
or more angles of the waveplate of the collection optics subsystem, and wherein
determining a configuration is accomplished by:

for each pupil position at the pupil plane, determining defect Stokes parameters
based on the obtained defect scattering map,

for each pupil position at the pupil plane, determining surface Stokes parameters
based on the obtained surface scattering map,

generating a polarization orthogonality map based on the determined defect and

surface Stokes parameters, and
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comparing relative polarization orthogonality values from the polarization
orthogounality map and relative intensity distribution values from the defect scattering
map to determine the configuration.
3. The system of claim 1, wherein the one or more polarization components of the
illumination subsystem include a rotatable Y2 waveplate for controlling the incident
beam’s polarization angle and a rotatable V2 waveplate for controlling the phase

difference of electric field components of incident beam.

4 The system of claim 3, wherein the one or more polarization components of the
ilfumination subsystem further comprise another V2 waveplate and a linear polarizer for

controtling the incident beam’s power and increasing a dynamic range.

5. The system of claim 4, wherein the ¥4 waveplate is positioned before the linear
polarizer.
6. The system of claim 1, wherein the collection optics subsystem further includes

an adjustable field stop for separately obtaining the defect and surface scattering maps.

7. The system of claim 1, wherein the collection optics subsystem further includes a

sensor and one or more relay lens for relaying a pupil image to the sensor.

8. The system of claim 1, wherein the iHumination optics subsystem inchudes an
aperture that i1s open to a full size and determining a configuration is accomplished by
iteratively mathematically applying different settings for the aperture mask, ¥4 waveplate,

and analyzer so as to maximize the defect signal to notse ratio.

9. The system of claim 1, wherein a configuration of the aperture mask is
determined s0 as to block areas of the puptl, except for areas with maximized polarization

orthogonality and defect scattering intensity.
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10.  The system of claim 1, wherein the one or more polarization components of the
ilfumination optics subsystem comprise a linear polarizer, and wherein the rotatable

waveplate of the collection optics subsystem is a rotatable V4 waveplate.

11, The system of claum 10, wherein the linear polarizer and the rotatable V4

waveplate are each positioned at a conjugate plane.

12, The system of claim 1, wherein the light source is a broadband light source and
the illumination optics subsystem 1s arranged to direct the incident bearn through an

objective onto the surface of the wafer.

13. A method of inspecting a semiconductor sample, comprising

in an illumination optics subsystem of an inspection system, generating and
directing an incident beam at a selected polarization state towards a defect on a surface of
a wafer, wherein the tlumination optics subsystem of the inspection system includes a
light source for generating the incident beam and one or more polarization components
for adjusting a ratio and/or a phase difference for the incident beam’s electric field
components;

in a collection optics subsystem of an inspection system, collecting scattered light
from the defect and/or surface in response to the incident beam, wherein the collection
optics subsystem of the inspection system comprises an adjustable aperture at the pupil
plane, followed by a rotatable waveplate tor adjusting a phase difference of electric field
components of the collected scattered light, followed by a rotatable analyzer;

obtaining a defect scattering map based on the collected scattered light;

obtaining a surface scattering map based on the collected scattered light; and

determining a configuration of the one or more polarization components, aperture
mask, and rotatable waveplate, and analyzer based on analysis of the defect and surface

scattering map so as to maximize a defect signal to notse ratio.
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14. The method of claim 13, wherein the defect and surface maps are obtained at four
or more angles of the waveplate of the collection optics subsystem, and wherein
determining a configuration is accomplished by:

for each puptl position at the pupil plane, determining defect Stokes parameters
based on the obtained defect scattering map,

tor each pupil position at the Pupil plane, determining surface Stokes parameters
based on the obtained surface scattering map,

generating a polarization orthogonality map based on the determined defect and
surface Stokes parameters, and

comparing relative polarization orthogonality values from the polarization
orthogounality map and relative intensity distribution values from the defect scattering

map to determine the configuration.

1s. The method of claim 13, wherein the one or more polarization components of the
illumination subsystem include a rotatable Y2 waveplate for controlling the incident
beam’s polarization angle and a rotatable V2 waveplate for controlling the phase

difference of the electric field components of the incident beam.

16. The method of claim 15, wherein the Y2 waveplate is positioned before the linear
polarizer.
17. The method of claim 13, wherein the collection optics subsystem further includes

an adjustable field stop for separately obtaining the defect and surface scattering maps.

18. The method of claim 13, wherein the collection optics subsystem further includes

a sensor and one or more relay lens for relaying a pupil image to the sensor.

19. The method of claim 13, wherein the ilumination optics subsystem includes an
aperture that i1s open to a full size and determining a configuration is accomplished by
iteratively mathematically applying different settings for the aperture mask, ¥4 waveplate,

and analyzer so as to maximize the defect signal to noise ratio.
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20.  The method of claim 13, wherein a configuration of the aperture mask i3
determined so as to block areas of the pupil, except for areas with maximized polarization

orthogonality and defect scattering intensity.

21, The method of claim 13, wherein the one or more polarization components of the
illumination optics subsystem comprise a linear polarizer, and wherein the rotatable

waveplate of the collection optics subsystem is a rotatable Y4 waveplate.

22. The method of claim 13, wherein the light source is a broadband light source and
the illurnination optics subsystem is arranged to direct the incident beam through an

objective onto the surface of the wafer.

42
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