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(57) Abstract: A method of inspecting defects on a transparent substrate may include: selecting a gradient of an illumination optical
system so that light incident on the transparent substrate has a first angle; selecting a gradient of a detection optical system so that an
optical axis of the detection optical system located over the transparent substrate has a second angle, which is equal to or less than the
first angle; adjusting a position of at least one of the illumination optical system, the transparent substrate, and the detection optical
system so that a field-of-view of the detection optical system covers a first region where the light meets a first surface of the transparent
substrate and does not cover a second region where light meets a second surface of the transparent substrate, the second surtace being
opposite to the first surface; illuminating the transparent substrate; and detecting light scattered from the transparent substrate.

[Continued on next page]



WO 2018/085237 A1 { NI /0P VA0 N R

Asan-si, Chungcheongnam-do 31417 (KR). THOMAS,
Amanda Kathryn; 137 Cutler Avenue, Corning, New York
14830 (US). USTANIK, Correy Robert; 13235 Robert
Walker Drive, Davidson, North Carolina 28036 (US).

(74) Agent: MASON, Matthew J; Corning Incorporated, Intel-
lectual Property Department, SP-Ti-03-01, Corning, New
York 14831 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH, CL,CN, CO,CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

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

Published:
—  with international search report (Art. 21(3))



WO 2018/085237 PCT/US2017/059220

METHOD AND APPARATUS FOR INSPECTING DEFECTS ON TRANSPARENT
SUBSTRATE AND METHOD OF EMITTING INCIDENT LIGHT

BACKGROUND

[0001] This application claims the benefit of priority under 35 U.S.C. § 119 of U.S.
Provisional Application Serial No. 62/416,308, filed on November 2, 2016, the content of

which is relied upon and incorporated herein by reference in its entirety.

FIELD

[0002] One or more embodiments disclosed herein relate to an apparatus and method for
inspecting defects by discriminating defects on a transparent substrate and a method of
emitting incident light.
Description of the Related Art

[0003] Defects on a transparent substrate may be inspected by using an optical method
involving emitting light to an object to be inspected and detecting light reflected and scattered
from the object to be inspected. In this case, since the emitted light is transmitted through the
transparent substrate, not only defects on the first surface (i.e., the surface on which the light
is first incidenent) of the object to be inspected but also defects on a second surface being
opposite to the first surface or between the first and second surfaces of the object to be
inspected, i.e., within the object may be detected.

[0004] There is ever increasing demand for a transparent substrate to have minimal surface
defects. There is also a need for improved technology for rapidly and accurately
discriminating and detecting defects on a first surface of the transparent substrate and defects

on a second surface of the transparent substrate.

SUMMARY

[0005] One or more embodiments include an apparatus and method for rapidly and
accurately detecting nanoscale defects (i.e., defects of about hundreds of nanometers or less)
by discriminating defects on a first surface of a transparent substrate and defects on a second

surface being opposite to the first surface of the transparent substrate.
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[0006] Additional aspects will be set forth in part in the description which follows and, in
part, will be apparent from the description, or may be learned by practice of the presented
embodiments.

[0007] According to one or more embodiments, a method of inspecting defects of a
transparent substrate includes: selecting a gradient of an illumination optical system so that
light emitted from the illumination optical system and incident on the transparent substrate
has a first angle relative to a normal direction of the transparent substrate; selecting a gradient
of a detection optical system so that an optical axis of the detection optical system located
over the transparent substrate has a second angle, which is equal to or less than the first angle,
relative to the normal direction of the transparent substrate; adjusting a position of at least
one of the illumination optical system, the transparent substrate, and the detection optical
system so that a field-of-view of the detection optical system covers a first region where the
light meets a first surface of the transparent substrate and does not cover a second region
where light transmitted through the transparent substrate meets a second surface of the
transparent substrate, the second surface being opposite to the first surface; illuminating the
transparent substrate by emitting light from the illumination optical system; and detecting
light scattered from the transparent substrate by the detection optical system.

[0008] The selecting of the gradient of the illumination optical system may include selecting
the first angle so that the first region and a third region do not overlap each other, wherein the
third region is a region where the transmitted light is reflected from the second region and
meets the first surface of the transparent substrate.

[0009] The first angle may be selected according to the following equation:
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where Dg,q- 1s a separation distance between the first region and the third region, T is a

thickness of the transparent substrate, 0, is the first angle, n is a refractive index of the
transparent substrate, and Wy is a beam width of the incident light.

[0010] The position of at least one of the illumination optical system, the transparent
substrate, and the detection optical system may be adjusted according to the following

equation:
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where Bgqq: 1S a separation distance between the field-of-view and a 2' region, the 2°nd

region is a region through which the second region is exposed to the first surface of the

transparent substrate when the second region is seen at the second angle, and Digyg., 1S @

separation distance between the first region and the 2°nd region and is determined by the

following equation:

4 & 53T
Dgyge = T-tanisin {
RIRY _

P

where T is a thickness of the transparent substrate, 6, is the first angle, 8, is the second angle,
n is a refractive index of the transparent substrate, and Wi, is a beam width of the incident
light.

[0011] The method may further include adjusting at least one of a beam width of the
illumination optical system and a field-of-view width of the detection optical system so that
the field-of-view of the detection optical system is matched to the first region.

[0012] The adjusting of at least one of the beam width of the illumination optical system and
the field-of-view width of the detection optical system may include adjusting at least one of
the beam width of the illumination optical system and the field-of-view width of the detection

optical system according to the following equation:
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where 0 is the first angle, 0, is the second angle, Wy, is a beam width of the incident light,
and Wreov is the field-of-view width of the detection optical system.

[0013] The incident light may be S-polarized.

[0014] The method may further include obtaining data indicating an intensity of the scattered
light scattered from the transparent substrate according to the gradient of the detection optical
system.

[0015] The second angle may be selected as a gradient indicating a maximum scattered light
intensity based on the data.

[0016] The method may further include moving the transparent substrate mounted on a stage,
wherein the illuminating and the detecting are simultaneously performed while the
transparent substrate is moved.

[0017] The detection optical system may include a complementary metal-oxide-
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semiconductor (CMOS) image sensor using time delay and integration.

[0018] The illumination optical system may include a light source configured to generate
blue light.

[0019] The illumination optical system may include a light source configured to generate
light with a wavelength band ranging from about 400 nm to about 500 nm.

[0020] After the detecting of the scattered light scattered from the transparent substrate, the
method may further include determining portions detected to have a light intensity equal to or
greater than a reference light intensity as defects on the first surface of the transparent
substrate.

[0021] According to one or more embodiments, a method of emitting incident light includes:
preparing a transparent substrate; calculating an incidence angle range of light incident on the
transparent substrate so that a first region where the incident light meets a first surface of the
transparent substrate does not overlap a second region where light transmitted through the
transparent substrate and reflected from a second surface of the transparent substrate meets
the first surface of the transparent substrate, the second surface being opposite to the first
surface; and adjusting a gradient of an illumination optical system that emits the incident light
based on the incidence angle range.

[0022] An incidence angle of the incident light may be calculated based on the following

equation:

P
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where D is a separation distance between the first region and the second region, T is a
thickness of the transparent substrate, 0; is the incidence angle, n is a refractive index of the
transparent substrate, and Wy, is a beam width of the incident light.

[0023] The calculating of the incidence angle range and the adjusting of the gradient of the
illumination optical system may be performed whenever at least one of a thickness of the
transparent substrate, a refractive index of the transparent substrate, and a beam width of the
incident light is changed.

[0024] According to one or more embodiments, an apparatus for inspecting defects of a
transparent substrate includes: a first stage configured to move a transparent substrate
mounted on the first stage; an illumination optical system located over the transparent

substrate, having an optical axis that is inclined at a first angle relative to a normal direction
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of the transparent substrate, and including a light source that generates blue light; a detection
optical system located over the transparent substrate and including a time delay and
integration complementary metal-oxide-semiconductor (TDI CMOS) image sensor having an
optical axis that is inclined at a second angle, which is equal to or less than the first angle,
relative to the normal direction of the transparent substrate; and a controller configured to
calculate a position range of at least one of the illumination optical system, the transparent
substrate, and the detection optical system so that a field-of-view of the detection optical
system covers a first region where light emitted from the illumination optical system meets a
first surface of the transparent substrate and does not cover a second region where light
transmitted through the transparent substrate meets a second surface of the transparent
substrate, the second surface being opposite to the first surface.

[0025] The apparatus may further include a second stage connected to any one of the
illumination optical system and the detection optical system and configured to move the
illumination optical system or the detection optical system.

[0026] The apparatus may further include: a first beam dump located over the transparent
substrate to be opposite to the illumination optical system with the transparent substrate
therebetween and configured to capture and absorb reflected light reflected from the
transparent substrate; and a second beam dump located under the transparent substrate to be
opposite to the illumination optical system with the transparent substrate therebetween and
configured to capture and absorb transmitted light transmitted through the transparent

substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] These and/or other aspects will become apparent and more readily appreciated from
the following description of the embodiments, taken in conjunction with the accompanying
drawings in which:

[0028] FIG. 1A is a view of an apparatus for detecting defects of a transparent substrate,
according to an embodiment;

[0029] FIG. 1B is an enlarged view of a portion A of FIG. 1A, illustrating incident light,
transmitted light, or reflected light of the transparent substrate and a field-of-view of a
detection optical system;

[0030] FIG. 2 is a flowchart of a method of detecting defects of the transparent substrate,

according to an embodiment;
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[0031] FIG. 3 is an enlarged view of the portion A of FIG. 1A, for explaining an operation of
selecting a gradient of an illumination optical system;

[0032] FIG. 4 is an enlarged view of the portion A of FIG. 1A, for explaining an operation of
selecting a gradient of the detection optical system and an operation of adjusting positions of
the illumination optical system, the transparent substrate, and the detection optical system;
[0033] FIG. 5 is a graph illustrating a relationship between a gradient of the detection optical
system and a separation distance between a first region and a 2'nd region;

[0034] FIG. 6 is a graph illustrating a relationship between a gradient of the detection optical
system and a scattering intensity of scattered light; and

[0035] FIG. 7 is a flowchart of a method of emitting incident light to a transparent substrate,

according to an embodiment.

DETAILED DESCRIPTION

[0036] Embodiments herein will be described more fully with reference to the accompanying
drawings, in which various embodiments are shown and the same reference numerals denote
the same or like parts. It will be understood that, although the terms first, second, etc. may be
used herein to describe various components, these components should not be limited by these
terms. These terms are only used to distinguish one component from another component.
[0037] The terms used in the present disclosure are used to describe embodiments, and an
expression used in the singular encompasses the expression of the plural, unless it has a
clearly different meaning in the context. In the present disclosure, it is to be understood that
the terms such as "including", "having", and "comprising" are intended to indicate the
existence of features, numbers, steps, actions, components, parts, or combinations thereof
disclosed in the disclosure, and are not intended to preclude the possibility that one or more
other features, numbers, steps, actions, components, parts, or combinations thereof may exist
or may be added.

[0038] All terms including technical and scientific terms used herein have meanings which
can be generally understood by one of ordinary skill in the art, if the terms are not particularly
defined. General terms defined by dictionaries should be understood to have meanings which
can be contextually understood in the art and should not have ideally or excessively formal
meanings, if the terms are not defined particularly herein.

[0039] When a certain embodiment may be implemented differently, a specific process order

may be different from the described order. For example, two consecutively described



WO 2018/085237 PCT/US2017/059220

processes may be performed substantially at the same time or performed in an order opposite
to the described order.

[0040] Variations from the shapes of the illustrations as a result, for example, of
manufacturing techniques and/or tolerances, are to be expected. Thus, embodiments should
not be construed as limited to the particular shapes of regions illustrated herein but may be to
include deviations in shapes that result, for example, from manufacturing. As used herein, the
term "and/or" includes any and all combinations of one or more of the associated listed items.
[0041] As used herein, the term "and/or" includes any and all combinations of one or more of
the associated listed items. Expressions such as "at least one of" when preceding a list of
elements, modify the entire list of elements and do not modify the individual elements of the
list.

[0042] FIG. 1A is a view of an apparatus 100 for detecting defects of a transparent substrate
TS, according to an embodiment. FIG. 1B is an enlarged view of a portion A of FIG. 1A,
illustrating incident light L, transmitted light L1, and reflected light Lr of the transparent
substrate TS, and a field-of-view FOV of a detection optical system 120.

[0043] Referring to FIGS. 1A and 1B, the apparatus 100 for detecting defects of the
transparent substrate TS may include an illumination optical system 110, the detection optical
system 120, a controller 130, a first stage 140 on which the transparent substrate TS is
mounted, and first and second beam dumps 151a and 151b. The illumination optical system
110 and the detection optical system 120 are inclined at different angles from a normal
direction of the transparent substrate TS.

[0044] An object to be inspected by the apparatus 100 is the transparent substrate TS. The
transparent substrate TS may include a first surface TSts on which light is incident and a
second surface BSts being opposite to the first surface TSts. Particles Prg and Pgg that are
foreign materials may respectively exist on the first surface TSts and the second surface
BSts. The particles Prs and Pgg may cause defects on the transparent substrate TS in a
subsequent process using the transparent substrate TS. In particular, it is necessary to
precisely monitor the particles Prs having a size of about hundreds of nanometers or less on
the first surface TStg of the transparent substrate TS.

[0045] The transparent substrate TS may be a glass substrate used in a display device such as
a liquid crystal display, organic light emitting diode (OLED) display, quantum dots (QD)
display and so on. The transparent substrate TS is illustrated as having a thickness that is
exaggerated compared to a thickness (e.g., several millimeters to several micrometers) of an

actual transparent substrate.
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[0046] The illumination optical system 110 may be located over the transparent substrate TS
to have an optical axis that is inclined at a first angle relative to the normal direction of the
transparent substrate TS. The illumination optical system 110 may include a light source 110-
1, a polarizer 110-2, and a focusing lens 110-3. The polarizer 110-2 and the focusing lens
110-3 are located in a path of light that is generated from the light source 110-1.

[0047] Examples of the light source 110-1 may include a light-emitting device, an
illumination device, a lamp, and a beam former. The incident light L may be a ray of light or
a laser beam. The light source 110-1 may, for example, generate blue light. In an
embodiment, the light source 110-1 may generate light with a wavelength band ranging from
about 400 nm to about 500 nm.

[0048] The polarizer 110-2 may convert light generated from the light source 110-1 into S-
polarized light. In a structure where the illumination optical system 110 and the detection
optical system 120 are inclined with the transparent substrate TS therebetween, the detection
optical system 120 may have higher efficiency for detecting S-polarized light, which will be
explained below in detail with reference to FIG. 6.

[0049] The focusing lens 110-3 may focus light generated from the light source 110-1 on an
emission region of the transparent substrate TS. That is, the focusing lens 110-3 may adjust a
size of the emission region of the transparent substrate TS.

[0050] The illumination optical system 110 may be connected to a first angle adjusting
member 111. The first angle adjusting member 111 may adjust a gradient of the illumination
optical system 110 so that the illumination optical system 110 has a first angle that is inclined
relative to the normal direction of the transparent substrate 100.

[0051] The illumination optical system 110 and the first angle adjusting member 111 may be
mounted on a second stage 113. A position of the illumination optical system 110 may be
adjusted by a first position adjusting member 115 that is connected to the second stage 113.
The illumination optical system 110, the first angle adjusting member 111, the second stage
113, and the first position adjusting member 115 may be located at a predetermined height
from the bottom due to a first support member 117.

[0052] The detection optical system 120 may be located opposite to the illumination optical
system 110 with the transparent substrate TS therebetween so that the detection optical
system 120 has an optical axis that is inclined at a second angle, which is equal to or less than
the first angle, relative to the normal direction of the transparent substrate TS. The detection
optical system 120 may include an imaging lens 20-1 and a camera 120-2. The imaging lens

120-1 may adjust a range of the field-of-view FOV of the detection optical system 120. The
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camera 120-2 may be a CMOS image sensor using time delay and integration (TDI) (referred
to as the TDI CMOS image sensor). The TDI CMOS image sensor may detect the particles
Prs on the transparent substrate TS with high precision while the transparent substrate TS
mounted on the first stage 140 is moved. Also, since the TDI CMOS image sensor has a high
sensitivity to blue light, the TDI CMOS image sensor may show high detection efficiency
even when the particles Prg are tiny and a scattering intensity is low.

[0053] The detection optical system 120 may be connected to a second angle adjusting
member 121. The second angle adjusting member 121 may adjust a gradient of the detection
optical system 120 so that the detection optical system 120 has a second angle that is inclined
relative to the normal direction of the transparent substrate 110.

[0054] The detection optical system 120 and the second angle adjusting member 121 may be
connected to a third stage 123. A position of the detection optical system 120 may be
adjusted according to a second support member 127 by a second position adjusting member
125 that is connected to the third stage 123. The detection optical system 120, the second
angle adjusting member 121, and the third stage 123 may be located at a predetermined
height from the bottom due to the second position adjusting member 125 and the second
support member 127.

[0055] The controller 130 may calculate a position range of at least one of the illumination
optical system 110, the transparent substrate TS, and the detection optical system 120.
Accordingly, the detection optical system 120 may minimize light scattered from the particles
Pgs on the second surface BSts of the transparent substrate TS, and may detect only light
scattered from the particles Prg on the first surface TSt of the transparent substrate TS. That
is, the apparatus 100 may discriminate and detect the particles Ptg on the first surface TSt of
the transparent substrate TS and the particles Pgs of the second surface BSts of the
transparent substrate TS, which will be explained below in detail with reference to FIG. 4.
[0056] The controller 130 may determine portions with a light intensity equal to or greater
than a reference light intensity as defects of the first surface TSts of the transparent substrate
TS based on a result obtained after detecting scattered light scattered from the transparent
substrate TS and may output a result of the determination. That is, the controller 130 may
determine portions with a light intensity equal to or less than the reference light intensity as
defects of the second surface BStg of the transparent substrate TS and may remove the
defects from a resultant structure.

[0057] In some embodiments, the controller 130 may include a computer including a

program storage unit. A program or arbitrary programs for calculating a position range of at
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least one of the illumination optical system 110, the transparent substrate TS, and the
detection optical system 120 and analyzing images may be stored in the program storage unit.
Examples of the program storage unit may include a computer-readable hard disk, a flexible
disk, a compact disk, a magneto-optical disk, and a memory card.

[0058] The transparent substrate TS may be horizontally and vertically moved by the first
stage 140. In some embodiments, the first stage 140 may include a third support member 141,
a movable member 143, and a transfer member 145. The transparent substrate TS may be
connected to the movable member 143 at a predetermined height from the bottom through the
third support member 141 that supports ends of the transparent substrate TS. The movable
member 143 may be moved on the transfer member 145. However, the first stage 140 is not
limited to the above-described configuration. In some embodiments, the first stage 140 may
include an air bearing assembly. In this case, vacuum pressure or air pressure may be exerted
between the transparent substrate TS and a top surfacefirst surface of the air bearing assembly
via air holes formed in the air bearing assembly to support or move the transparent substrate
TS. Since the air bearing assembly hardly contacts the transparent substrate TS, the air
bearing assembly may protect the transparent substrate TS in a process of detecting defects.
[0059] The first and second beam dumps 151a and 151b may remove noise light other than
light scattered from the particles Prg on the first surface TStg of the transparent substrate TS.
The first beam dump 151a may be located over the transparent substrate TS to be opposite to
the illumination optical system 110 with the transparent substrate TS therebetween. The first
beam dump 151a may capture and absorb the reflected light Ly reflected from the first
surface TSts of the transparent substrate TS. The second beam dump 151b may be located
under the transparent substrate TS to be opposite to the illumination optical system 110 with
the transparent substrate TS therebetween. The second beam dump 151b may capture and
absorb the transmitted light Lt transmitted through the transparent substrate TS. In some
embodiments, each of the first and second beam dumps 151a and 151b may be formed of a
carbon nanotube foil.

[0060] The first and second beam dumps 151a and 151b may be fixed to a fourth support
member 155 respectively by first and second fixing members 153a and 153b. Although not
shown in FIGS. 1A and 1B, position adjusting members may be respectively connected to the
first and second fixing members 153a and 153b, and the first and second beam dumps 151a
and 151b may be moved by the first and second fixing members 153a and 153b.

[0061] FIG. 2 is a flowchart of a method of detecting defects of the transparent substrate TS
according to an embodiment. FIG. 3 is an enlarged view of the portion A of FIG. 1A, for

10



WO 2018/085237 PCT/US2017/059220

explaining an operation of selecting a gradient of the illumination optical system 110. FIG. 4
is an enlarged view of the portion A of FIG. 1A, for explaining an operation of selecting a
gradient of the illumination optical system 110 and a gradient of the detection optical system
120 and an operation of adjusting positions of the illumination optical system 110, the
transparent substrate TS, and the detection optical system 120. The method of detecting
defects of the transparent substrate TS of FIG. 2 may use the apparatus 100 of FIG. 1A. The
same elements are denoted by the same reference numerals, and thus a repeated explanation
thereof will not be given.

[0062] Referring to FIGS. 1A through 2, in operation S101, a gradient of the illumination
optical system 110 may be selected so that an optical axis AX1 of the incident light L. emitted
from the illumination optical system 110 and incident on the transparent substrate TS has a
first angle 0, relative to a normal direction of the transparent substrate TS.

[0063] A first region R1 may be formed when the incident light L meets the first surface
TSts of the transparent substrate TS. A second region R2 may be formed when the
transmitted light Lt, from among the incident light L, transmitted through the transparent
substrate TS meets the second surface BStg of the transparent substrate TS. In this case, when
there are the particles Pgs on the second region R2, light scattered and reflected from the
particles Pgg on the second region R2 may reach the first region R1. In this case, since light
scattered from the particles Pts on the first surface TSts and light scattered from the particles
Pgs on the second surface BSts may be simultaneously detected, the particles Prs on the first
surface TStg and the particles Pgg on the second surface BSts may not discriminated.

[0064] Accordingly, an incidence angle of the incident light L may be adjusted so that the
influence of light scattered from the second surface BStg on the first surface TStg that is a
surface to be inspected is minimized.

[0065] In detail, a third region R3 may be formed when the transmitted light Lt is reflected
from the second region R2 and meets the first surface TSts of the transparent substrate TS. In
this case, the first angle 6; may be selected so that the first region R1 and the third region R3
do not overlap each other. Accordingly, the first angle 0; may be selected within an incidence
angle range calculated according to Equation 1.

-

sin B0 W

-5 E N =
D= 2 *T-tan{sm *[

i

[
pol

[%

Xz | F

Y \on S48 ces§y
[0066] .. (D

where Dg, .. 1s a separation distance between the region R1 and the third region R3, T is a
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thickness of the transparent substrate TS, 6; is the first angle, n is a refractive index of the
transparent substrate TS, and Wy, is a beam width of the incident light L.

[0067] Equation 1 may be derived based on the following conditions: The incident light L,
the transmitted light Lt, and the reflected light Lr are each parallel light and a refractive
index of air to which the incident light L is emitted is 1. The incident light L emitted from the
illumination optical system 110 may have a first beam width Wy, and then may have a second
beam width Wy' on the first region R1 when meeting the transparent substrate TS. In this

case, the second beam width W' and the first beam width Wy, have a relationship of Wi’=

W

The transmitted light Lt and the reflected light Lg have the second beam width Wy' on

coel,

the second and third regions R2 and R3.

[0068] As such, an incidence angle range of the incident light L. may be calculated by using
Equation 1 so that the influence of light scattered from the second surface BStg of the
transparent substrate TS on the first surface TStg that is a surface to be inspected is
minimized. Next, the first angle 6; of the illumination optical system 110 may be selected
based on the incidence angle range. The calculating of the incidence angle range and the
selecting of the gradient of the illumination optical system may be performed whenever at
least one of the thickness T of the transparent substrate TS, a refractive index of the
transparent substrate TS, and the first beam width Wy, of the incident light is changed.

[0069] Next, referring to FIGS. 2 and 4, in operation S103, a gradient of the detection optical
system 120 may be selected so that an optical axis AX2 of the detection optical system 120
located over the transparent substrate TS has a second angle 6, relative to the normal
direction of the transparent substrate TS. The optical axis AX2 of the detection optical axis
120 may refer to a light path of the field-of-view FOV of the detection optical system.

[0070] In this case, the second angle 6, may be selected to be equal to or less than the first
angle 0. Accordingly, the field-of-view FOV of the detection optical system 120 may not
overlap the reflected light Lg reflected from the second surface BStg of the transparent
substrate TS and emitted at the first angle 6, from the first surface TStg of the transparent
substrate TS. Accordingly, the detection optical system 120 may minimize the influence of
noise due to the reflected light Lr of the second surface BSts.

[0071] Also, the second angle 6, may be selected as a value indicating a maximum scattering
intensity from among scattering intensities according to a gradient of the detection optical

system 120. In this case, since an average scattering intensity of S-polarized light is greater
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than that of P-polarized light, the incident light L. may be S-polarized. In some embodiments,
when the incident light L that is S-polarized is incident on the transparent substrate TS before
operation S103 in which a gradient of the detection optical system 120 is selected, an
operation of obtaining data indicating a scattering intensity of light scattered from the
transparent substrate TS according to a gradient of the detection optical system 120 may be
performed. Next, the second angle 6, may be selected as an angle indicating a maximum
scattering intensity based on the data, which will be explained below in detail with reference
to FIG. 6.

[0072] Next, in operation S105, at least one of the first beam width Wy, of the illumination
optical system 110 and a first field-of-view width Wggy of the detection optical system 120
may be adjusted so that widths of the field-of-view FOV of the detection optical system 120
and the first region R1 are matched to each other.

[0073] In detail, the incident light L emitted from the illumination optical system 110 has the
first beam width Wy, and then has the second beam width Wi' on the first region R1, and the

Wy

first beam width Wy, and the second beam width W' have a relationship of W'= —

cpsB,

Likewise, the field-of-view FOV of the detection optical system 120 has a second field-of-
view width Weoy' on the transparent substrate TS and the first field-of-view width Wrgy and

the second field-of-view width Wgoy' have a relationship of Wroy'= Yo

cogd

¥ Accordingly, at

least one of the first beam width WL of the illumination optical system 110 and the first field-

of-view width Wggy of the detection optical system 120 may be adjusted according to

Equation 4.
We Wege
eosB,  cosd
[0074] C))

[0075] Noise light may be prevented from being unnecessarily introduced into the detection
optical system 120 and the incident light L of the illumination optical system 110 may be
prevented from being wasted, by matching the second beam width W' and the second field-
of-view width Wgoy'. Although the second beam width Wi' and the second field-of-view
width Wroy' are different from each other in FIG. 4 for convenience of explanation, the
second beam width W' and the second field-of-view width Wrgy' may be substantially the

same.
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[0076] Next, in operation S107, a position of at least one of the illumination optical system
110, the transparent substrate TS, and the detection optical system 120 may be adjusted. In
this case, relative positions of the illumination optical system 110, the transparent substrate
TS, and the detection optical system 120 may be adjusted so that the field-of-view FOV of
the detection optical system 120 covers the first region R1 and does not cover the second
region R2.
[0077] That is, when the field-of-view FOV of the detection optical system 120 covers the
second region R2 as well, the detection optical system 120 detects the particles Pgg on the
second region R2 as well. In this case, since light scattered from the particles Prg on the first
surface TStg and light scattered from the particles Pgs on the second surface BSrg are
simultaneously detected, the particles Prs on the first surface TSts and the particles Pgs on
the second surface BSts may not be distinguished from each other.
[0078] Accordingly, positions of the elements may be adjusted so that the field-of-view FOV
of the detection optical system 120 covers only the first region R1.
[0079] In detail, when the second region R2 is viewed in a field-of-view tFOV of the second
angle 0, on the transparent substrate TS, the second region R2 may be exposed through a
2’nd region R2' to the first surface TStg of the transparent substrate TS. Accordingly, the
field-of-view FOV of the detection optical system 120 covers the first region R1 and is
spaced apart from the 2°nd region R2' by a predetermined separation distance Dgrir2'.
Accordingly, a position of at least one of the illumination optical system 110, the transparent
substrate TS, and the detection optical system 120 may be adjusted according to Equation 2.
Bgind = Dpgers’ 29
[0080] )

where D,... IS a separation distance between the field-of-view FOV and the 2’nd region

R2' and Dgjr2 is a separation distance between the first region R1 and the 2°nd region R2’.

The separation distance Tig..=.- and the separation distance Drir»> may be determined

according to Equation 3.

¢ cEin S0 Wy ¢ sein Oy
Drsge — Trtaniein™{ L Ej — >+ Totan{sin~? =
iRz i\ Un 4 oosgy i‘\ {\ I } }
[0081] . B)

where T is a thickness of the transparent substrate TS, 0; is the first angle, 6, is the second

angle, n is a refractive index of the transparent substrate TS, and Wy is a beam width of the
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incident light L.

[0082] Equation 3 may be derived under the following conditions: The field-of-view FOV
may have a third width Wrgy and may have a fourth width Wggy' when meeting the
transparent substrate TS. In this case, the fourth width Wrov' and the third width Wroy have a

. . . Wermr
relationship of Wrgy = —£2¥

coely

[0083] As such, relative positions of the illumination optical system 110, the transparent
substrate TS, and the detection optical system 120 may be adjusted so that the field-of-view
FOV of the detection optical system 120 covers only the first region R1, by using Equations 2
and 3. The adjusting of the positions of the illumination optical system 110, the transparent
substrate TS, and the detection optical system 120 may be performed whenever at least one of
the thickness T of the transparent substrate TS, a refractive index of the transparent substrate
TS, the beam width Wy, of the incident light L, the first angle 0, and the second angle 6, is
changed.

[0084] In operation S109, the illumination optical system 110 and the detection optical
system 120 may be set as described above and the transparent substrate TS may be
illuminated by using the illumination optical system 110. At the same time, in operation
S111, scattered light scattered from the transparent substrate TS may be detected by using the
detection optical system 120. Operation S109 in which the transparent substrate TS is
illuminated and operation S111 in which scattered light is detected may be simultaneously
performed while the transparent substrate TS mounted on the first stage 140 is moved.
Accordingly, defects even on the entire transparent substrate TS may be rapidly inspected.
[0085] Next, in operation S113, portions detected to have a light intensity equal to or greater
than a reference light intensity may be selectively determined as the particles Prg on the first
surface TSts of the transparent substrate TS. As such, the particles Pts on the first surface
TSts of the transparent substrate TS may be detected with high precision by being
distinguished from the particles Pgg on the second surface BSts, by precisely adjusting a
gradient of the illumination optical system 110, a gradient of the detection optical system
120, and a position of each element based on the characteristic that an object to be inspected
is a transparent substrate.

[0086] Although the particles Prs and Pgg respectively exist on the first surface TSts and the
second surface BStgs of the transparent substrate TS, the method of inspecting defects of a

transparent substrate according to the disclosure may also be used to inspect general defects
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other than the particles Prg and Pgs.

[0087] FIG. 5 is a graph illustrating a relationship between the second angle 0, of the
detection optical system 120, and the separation distance Drir2 between the first region R1
and the 2°nd region R2'. In this case, the first angle 6; of the illumination optical system 110
may be maintained constant.

[0088] Referring to FIGS. 1A, 4, and 5, the separation distance Driry between the first
region R1 and the 2°nd region R2' may increase as the second angle 0, of the detection
optical system 120 increases. That is, the risk of noise light of the second region R2
introduced into the field-of-view FOV of the detection optical system 120 may decrease as
the second angle 0, of the detection optical system 120 increases. Also, according to
Equation 2, a variable range of the field-of-view FOV may increase. However, even in this
case, the second angle 6, of the detection optical system 120 should be selected to be equal to
or less than the first angle 6, of the illumination optical system 110 as described above in
detail.

[0089] As a beam width of the incident light L increases to 50 pm, 75 um, 100 pm, 125 pm,
and 150 um, the separation distance Drir> decreases and thus the risk of noise light of the
second region R2 introduced into the field-of-view FOV of the detection optical system 120
may increase. Accordingly, as a beam width of the incident light L emitted from the
illumination optical system 110 decreases, the influence of the second surface BStg of the
transparent substrate TS may be more effectively reduced.

[0090] FIG. 6 is a graph illustrating a relationship between a gradient of the detection optical
system 120 and a scattering intensity of scattered light. The horizontal axis of the graph
represents an angle that increases counterclockwise from a vertical axis formed in the
transparent substrate TS.

[0091] Referring to FIG. 6, the incident light L incident on the transparent substrate TS may
be scattered due to defects on the first surface of the transparent substrate TS to become
backward scattered light Lgg or forward scattered light. The forward scattered light may
include reflected forward scattered light Lrsg reflected from the transparent substrate TS and
transmitted forward scattered light Lgst transmitted through the transparent substrate TS.
[0092] Referring to FIGS. 4 and 6, the detection optical system 120 is located to be opposite
to the illumination optical system 110 with the transparent substrate TS therebetween, and the
second angle 6, of the detection optical system 120 may be selected as a value when the

reflected forward scattered light Lrsr has a maximum intensity according to a gradient of the
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detection optical system 120.

[0093] Referring to the graph of FIG. 6, in a position range of the detection optical system
from 90° to 180°, an intensity of the reflected forward scattered light Lrsg when the reflected
forward scattered light Lgsg is S-polarized is greater than that when the reflected forward
scattered light Lrsr is not polarized or P-polarized. Accordingly, the illumination optical
system 110 emits S-polarized incident light as described above.

[0094] When the reflected forward scattered light Lrgg is S-polarized, the reflected forward
scattered light Lrsg has a greatest scattering intensity at a point where a gradient of the
detection optical system is about 157.5°. Accordingly, a gradient of the detection optical
system may be selected to be about 157.5° at which the reflected forward scattered light Lrsr
has a greatest intensity. However, the value is based on an incidence angle of a specific
illumination optical system, and scattering intensity data according to a gradient of a
detection optical system may vary according to an incidence angle of an illumination optical
system.

[0095] FIG. 7 is a flowchart of a method of emitting incident light to a transparent substrate
according to an embodiment.

[0096] Referring to FIG. 7, in operation S201, a transparent substrate may be prepared. An
incidence angle range of incident light emitted to the transparent substrate on the transparent
substrate may be calculated. In this case, in operation S203, the incidence angle range may be
calculated so that a first region where the incident light meets a first surface of the transparent
substrate and a second region where reflected light, from among the incident light,
transmitted through the transparent substrate and reflected from a second surface of the
transparent substrate meets the first surface of the transparent substrate do not overlap each
other. Next, in operation S205, a gradient of an illumination optical system that emits the
incident light may be adjusted based on the incidence angle range. In this case, the incidence
angle range may be calculated by using Equation 1, as described above in detail with
reference to FIG. 2.

[0097] According to the disclosure, nanoscale defects may be rapidly and accurately detected
by discriminating defects on a first surface of a transparent substrate and defects on a second
surface of the transparent substrate.

[0098] While the disclosure has been particularly shown and described with reference to
embodiments thereof, they are provided for the purposes of illustration and it will be

understood by one of ordinary skill in the art that various modifications and equivalent other
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embodiments can be made from the disclosure. Accordingly, the true technical scope of the

disclosure is defined by the technical spirit of the appended claims.

18



10

15

20

25

WO 2018/085237 PCT/US2017/059220

WHAT IS CLAIMED IS:

1. A method of inspecting defects of a transparent substrate, the method comprising:
selecting a gradient of an illumination optical system so that light emitted from the
illumination optical system and incident on the transparent substrate has a first angle relative to a

normal direction of the transparent substrate;

selecting a gradient of a detection optical system so that an optical axis of the detection
optical system located over the transparent substrate has a second angle, which is equal to or less
than the first angle, relative to the normal direction of the transparent substrate;

adjusting a position of at least one of the illumination optical system, the transparent
substrate, and the detection optical system so that a field-of-view of the detection optical system
covers a first region where the light meets a first surface of the transparent substrate and does not
cover a second region where light transmitted through the transparent substrate meets a second
surface of the transparent substrate, the second surface being opposite to the first surface;

illuminating the transparent substrate by emitting light from the illumination optical
system; and

detecting light scattered from the transparent substrate and detected by the detection

optical system.

2. The method of claim 1, wherein the selecting of the gradient of the illumination
optical system comprises selecting the first angle so that the first region and a third region do not
overlap each other,

wherein the third region is a region where the transmitted light is reflected from the

second region and meets the first surface of the transparent substrate.

3. The method of claim 2, wherein the first angle is selected according to the

following equation:

‘ £y sin Oy Wy
Pgips = E=T=t&nism i‘ b= =0
RS Y . on 4 cos oy

where Eiy,z, 1S a separation distance between the first region and the third region, T is a
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thickness of the transparent substrate, 0; is the first angle, n is a refractive index of the

transparent substrate, and Wy, is a beam width of the incident light.

4. The method of claim 1, wherein the position of at least one of the illumination
optical system, the transparent substrate, and the detection optical system is adjusted according

to the following equation:

I

3 s =0 s %
Pring' = Droyry =0

where Bzqv-g2* 1S a separation distance between the field-of-view and a 2'nd region, the 2’nd

region is a region through which the second region is exposed to the first surface of the

transparent substrate when the second region is seen at the second angle, and Gigygs, 1S @

separation distance between the first region and the 2’nd region and is determined by the
following equation:

R

F5in e‘?‘\ )
)

. I —1
+ T*temigm

Doype = T*’t&ﬂ(gin”i (“ Vi
RiRz C s } —_— Y Uon

where T is a thickness of the transparent substrate, 0, is the first angle, 0, is the second angle, n is

a refractive index of the transparent substrate, and Wy, is a beam width of the incident light.

5. The method of claim 1, further comprising adjusting at least one of a beam
width of the illumination optical system and a field-of-view width of the detection optical system
so that the field-of-view width of the detection optical system is matched to the width of the first

region.

6. The method of claim 5, wherein the adjusting of at least one of the beam width
of the illumination optical system and the field-of-view width of the detection optical system
comprises adjusting at least one of the beam width of the illumination optical system and the
field-of-view width of the detection optical system according to the following equation:

AT
SO
3;..‘

Weoer

cos Oy sl =

20



10

15

20

25

30

WO 2018/085237 PCT/US2017/059220

where 0; is the first angle, 6, is the second angle, Wy, is a beam width of the incident light, and

Wrov is the field-of-view width of the detection optical system.

7. The method of claim 1, wherein the incident light is S-polarized.

8. The method of claim 7, further comprising obtaining data indicating an intensity
of the scattered light scattered from the transparent substrate according to the gradient of the

detection optical system.

9. The method of claim 8, wherein the second angle is selected as a gradient

indicating a maximum scattered light intensity based on the data.

10. The method of claim 1, further comprising moving the transparent substrate
mounted on a stage,
wherein the illuminating and the detecting are simultaneously performed while the

transparent substrate is moved.

11. The method of claim 10, wherein the detection optical system comprises a
complementary metal-oxide-semiconductor (CMOS) image sensor using time delay and

integration.

12. The method of claim 1, wherein the illumination optical system comprises a

light source configured to generate blue light.

13. The method of claim 1, wherein the illumination optical system comprises a
light source configured to generate light with a wavelength band ranging from about 400 nm to

about 500 nm.
14. The method of claim 1, further comprising, after the detecting of the scattered

light scattered from the transparent substrate, determining portions detected to have a light

intensity equal to or greater than a reference light intensity as defects on the first surface of the
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transparent substrate.

15. A method of emitting incident light, the method comprising:

preparing a transparent substrate;

calculating an incidence angle range of light emitted on the transparent substrate so that
a first region where the incident light meets a first surface of the transparent substrate does not
overlap a second region where light transmitted through the transparent substrate and reflected
from a second surface of the transparent substrate meets the first surface of the transparent
substrate, the second surface being opposite to the first surface; and

adjusting a gradient of an illumination optical system that emits the incident light based

on the incidence angle range.

16. The method of claim 15, wherein an incidence angle of the incident light is

calculated based on the following equation:

. g singiy W
E}=3~T“tan{sm i ,i}— =0
L Uon 4/ ces§

where D is a separation distance between the first region and the second region, T is a thickness
of the transparent substrate, 6; is the incidence angle, n is a refractive index of the transparent

substrate, and W, is a beam width of the incident light.

17. The method of claim 15, wherein the calculating of the incidence angle range
and the adjusting of the gradient of the illumination optical system are performed whenever at
least one of a thickness of the transparent substrate, a refractive index of the transparent

substrate, and a beam width of the incident light is changed.

18. An apparatus for inspecting defects of a transparent substrate, the apparatus
comprising:

a first stage configured to move a transparent substrate mounted on the first stage;

an illumination optical system located over the transparent substrate, having an optical

axis that is inclined at a first angle relative to a normal direction of the transparent substrate, and
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comprising a light source that generates blue light;

a detection optical system located over the transparent substrate and comprising a time
delay and integration complementary metal-oxide-semiconductor (TDI CMOS) image sensor
having an optical axis that is inclined at a second angle, which is equal to or less than the first
angle, relative to the normal direction of the transparent substrate; and

a controller configured to calculate a position range of at least one of the illumination
optical system, the transparent substrate, and the detection optical system so that a field-of-view
of the detection optical system covers a first region where light emitted from the illumination
optical system meets a first surface of the transparent substrate and does not cover a second
region where light transmitted through the transparent substrate meets a second surface of the

transparent substrate, the second surface being opposite to the first surface.

19. The apparatus of claim 18, further comprising a second stage connected to any
one of the illumination optical system and the detection optical system and configured to move

the illumination optical system or the detection optical system.

20. The apparatus of claim 18, further comprising:

a first beam dump located over the transparent substrate to be opposite to the
illumination optical system with the transparent substrate therebetween and configured to capture
and absorb reflected light reflected from the transparent substrate; and

a second beam dump located under the transparent substrate to be opposite to the
illumination optical system with the transparent substrate therebetween and configured to capture

and absorb transmitted light transmitted through the transparent substrate.
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FIG. 7
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