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EXPOSURE APPARATUS, EXPOSURE METHOD, AND METHOD FOR 

MANUFACTURING SEMICONDUCTOR APPARATUS 

 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present invention relates to an exposure apparatus, an exposure 

method, and a method for manufacturing a semiconductor apparatus. 

 

Description of the Related Art 

[0002] As a method of increasing the depth of focus of an exposure apparatus, a 

FLEX (Focus Latitude Enhancement Exposure) method is known.  The FLEX 

method can be defined as a method of exposing a substrate in a plurality of 

defocus states, or a method of exposing a substrate such that the light intensities 

formed by an original in the vicinity of the image plane of a projection optical 

system overlap in the optical axis direction.  Japanese Patent Laid-Open No. 7-

153658 describes an exposure method for satisfactorily resolving an isolated 

pattern such as a hole pattern or a fine pattern.  In this exposure method, 

multistage exposure is performed in which a substrate is exposed at the in-focus 

point and each of a plurality of defocus points.  For exposure at the in-focus 

point, the value of the coherency factor (σ) is set smaller than for exposure at each 

of the plurality of defocus points. 

 

SUMMARY OF THE INVENTION 

[0003] The present invention provides a technique advantageous in improving 

the depth of focus of an exposure apparatus. 

[0004] One of aspects of the present invention provides an exposure apparatus 
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that comprises an illumination optical system configured to illuminate an original 

including a periodic pattern and a projection optical system configured to form an 

image of the original on a substrate.  The apparatus comprises a controller 

configured to cause light from the illumination optical system to be obliquely 

incident on the original such that a light intensity distribution including four high 

light intensity portions and line-symmetric with respect to a straight line, which 

passes through an origin of a pupil region of the projection optical system and is 

orthogonal to a periodic direction of the periodic pattern, is formed in the pupil 

region of the projection optical system by a plurality of diffracted light beams 

including diffracted light of lower than 2nd-order and diffracted light of not lower 

than 2nd-order from the periodic pattern, and to control exposure of the substrate 

such that each point in a shot region of the substrate is exposed in not less than 

two focus states based on a relationship between focus states and phase 

differences of two lights among the four lights from the four high intensity 

portions, wherein a phase difference between two lights periodically changes in 

accordance with a focus state. 

[0005] Further features of the present invention will become apparent from the 

following description of exemplary embodiments with reference to the attached 

drawings. 

 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] Fig. 1 is a view schematically showing the arrangement of an exposure 

apparatus according to the first embodiment; 

[0007] Fig. 2 is a view for explaining FLEX exposure in the exposure apparatus 

according to the first embodiment; 

[0008] Fig. 3 is a view exemplarily showing a periodic pattern that can be 

provided in an original; 
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[0009] Fig. 4A is a view exemplarily showing the light intensity distribution in 

the pupil region of an illumination optical system in Example 1; 

[0010] Fig. 4B is a view exemplarily showing the light intensity distribution in 

the pupil region of a projection optical system; 

[0011] Figs. 5A to 5C are views each exemplarily showing the light intensity 

distribution formed in the vicinity of the image plane of the projection optical 

system; 

[0012] Figs. 6A and 6B exemplarily show a relationship between the defocus 

amount and the light intensity distribution in single exposure; 

[0013] Fig. 7A is a view exemplarily showing the light intensity distribution in 

the pupil region of the illumination optical system in Example 2; 

[0014] Fig. 7B is a view exemplarily showing the light intensity distribution in 

the pupil region of the projection optical system in Example 2; 

[0015] Fig. 8 is a view exemplarily showing a two-dimensional periodic pattern 

that can be provided in the original; 

[0016] Fig. 9 is a view exemplarily showing the light intensity distribution in the 

pupil region of the illumination optical system in Example 3; 

[0017] Fig. 10 is a view exemplarily showing the light intensity distribution in 

the pupil region of the illumination optical system in Example 4; 

[0018] Figs. 11A to 11C are views each exemplarily showing a relationship 

between the light intensity distribution in the pupil region of the illumination 

optical system and the light intensity distribution formed in the vicinity of the 

image plane of the projection optical system; 

[0019] Figs. 12A to 12C are views each exemplarily showing a relationship 

between the light intensity distribution in the pupil region of the illumination 

optical system and the light intensity distribution formed in the vicinity of the 

image plane of the projection optical system; 
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[0020] Fig. 13 is a view for explaining FLEX exposure in an exposure apparatus 

according to the second embodiment; 

[0021] Fig. 14 is a view for explaining FLEX exposure in an exposure apparatus 

according to the third embodiment; 

[0022] Fig. 15 is a view exemplarily showing the light intensity distribution 

formed in the vicinity of the image plane of a projection optical system in the 

exposure apparatus according to the third embodiment; 

[0023] Fig. 16 is a view schematically showing the arrangement of an exposure 

apparatus according to the fourth embodiment; 

[0024] Fig. 17 is a view for explaining an exposure method according to the 

fourth embodiment; 

[0025] Figs. 18A and 18B are views for explaining an exposure method 

according to the fifth embodiment; 

[0026] Fig. 19 is a view for explaining an exposure method according to the 

sixth embodiment; 

[0027] Fig. 20 is a view for explaining the exposure method according to the 

sixth embodiment; 

[0028] Fig. 21A is a view showing the arrangement of an exposure apparatus 

according to the seventh embodiment; 

[0029] Fig. 21B is a view for explaining an exposure method according to the 

seventh embodiment; 

[0030] Fig. 22A is a view exemplarily showing the light intensity distribution in 

the pupil region of the illumination optical system; 

[0031] Fig. 22B is a view exemplarily showing the light intensity distribution in 

the pupil region of the projection optical system; and 

[0032] Figs. 23A to 23C are views exemplarily showing manufacturing steps of 

an image sensor. 
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DESCRIPTION OF THE EMBODIMENTS 

[0033] Hereinafter, embodiments will be described in detail with reference to the 

attached drawings.  Note, the following embodiments are not intended to limit 

the scope of the claimed invention.  Multiple features are described in the 

embodiments, but limitation is not made to an invention that requires all such 

features, and multiple such features may be combined as appropriate.  

Furthermore, in the attached drawings, the same reference numerals are given to 

the same or similar configurations, and redundant description thereof is omitted. 

[0034] In a following description, directions will be indicated on an XYZ 

coordinate system.  The XYZ coordinate system is defined such that a surface 

parallel to the surface of a substrate is the X-Y plane, and an axis parallel to the 

normal direction of the surface of the substrate is the Z-axis.  The X direction, 

the Y direction, and the Z direction are directions parallel to the X-axis, the Y-

axis, and the Z-axis of the XYZ coordinate system, respectively. 

[0035] Fig. 1 schematically shows the arrangement of an exposure apparatus 

EXP according to the first embodiment.  The exposure apparatus EXP is formed 

as a projection exposure apparatus that exposes a substrate 7 by projecting the 

pattern of an original 2 onto the substrate 7.  Further, the exposure apparatus 

EXP can be formed as a scanning exposure apparatus that performs scanning 

exposure on the substrate 7 while scanning the original 2 and the substrate 7.  

The exposure apparatus EXP can include an illumination optical system 1, an 

original driving mechanism 3, a projection optical system 4, a substrate driving 

mechanism 8, an adjuster AD, and a controller CN.  The original 2 can include a 

periodic pattern.  The original driving mechanism 3 holds and drives the original 

2 in the scanning direction (Y direction).  The illumination optical system 1 

illuminates the original 2 held by the original driving mechanism 3.  The adjuster 
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AD can be configured to be controller by the controller CN.  The adjuster AD 

can be incorporated into the controller CN. 

[0036] The projection optical system 4 forms, on the substrate 7, the image of 

the pattern of the original 2 illuminated by the illumination optical system 1.  

Alternatively, the projection optical system 4 projects, onto the substrate 7, the 

pattern of the original 2 illuminated by the illumination optical system 1.  The 

pattern of the original 2 illuminated by the illumination optical system 1 generates 

a plurality of diffracted light beams.  The plurality of diffracted light beams from 

the pattern of the original 2 form the image of the pattern of the original 2 (the 

light intensity distribution corresponding to the pattern of the original 2) in the 

vicinity of the image plane of the projection optical system 4.  Here, the vicinity 

of the image plane includes the image plane and the vicinity thereof.  The 

substrate driving mechanism 8 holds and drives the substrate 7 in the scanning 

direction (Y direction).  The substrate driving mechanism 8 can also drive the 

substrate 7 in the non-scanning direction (X direction). 

[0037] The substrate 7 can include a plurality of shot regions.  The shot region 

may include a pattern (layer) already formed in a lithography step, or may not 

include such a pattern (layer).  The substrate 7 includes a photoresist layer on a 

member (for example, a wafer) formed of a semiconductor or a non-

semiconductor, unless otherwise mentioned.  One or a plurality of layers may be 

arranged between the member and the photoresist layer. 

[0038] The illumination optical system 1 includes a pupil region.  The pupil 

region of the illumination optical system 1 is a region, out of the pupil plane of the 

illumination optical system 1, where light from a light source (not shown) can 

enter.  The projection optical system 4 includes a pupil region.  The pupil 

region of the projection optical system 4 is a region, out of the pupil plane of the 

projection optical system 4, where light from the illumination optical system 1 can 
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enter.  Letting σ be the coherence factor of the exposure apparatus EXP, NA1 be 

the numerical aperture of the illumination optical system 1 when viewed from the 

original 2, and NA2 be the numerical aperture of the projection optical system 4 

when viewed from the original 2, σ is defined by: 

 σ = NA1/NA2 

[0039] The adjuster AD, or the controller CN can adjust the illumination optical 

system 1 such that the plurality of diffracted light beams from the periodic pattern 

of the original 2 form, in the pupil region of the projection optical system 4, the 

light intensity distribution including at least two high light intensity portions.  

Here, the plurality of diffracted light beams include the 2nd- or higher-order 

diffracted light.  Here, the high light intensity portion means a portion where the 

light intensity is higher than in a remaining portion (a portion other than the high 

light intensity portion) in the light intensity distribution.  The shape of the high 

light intensity portion is not limited to a specific shape such as a circular shape, 

and may be, for example, a rectangular shape.  The high light intensity portion 

can be a region which is wholly surrounded by a region where the light intensity 

is lower than in the high light intensity portion, or a region which is wholly 

surrounded by a region where the light intensity is lower than in the high light 

intensity portion and the boundary of the pupil region.  Further, the at least two 

high light intensity portions are arranged line-symmetrically with respect to a line 

(straight line) parallel to a direction orthogonal to the periodic direction of the 

periodic pattern.  The adjuster AD can adjust the illumination optical system 1 in 

accordance with, for example, the information of the periodic pattern of the 

original 2 such that the light intensity distribution, that includes at least two high 

light intensity portions arranged line-symmetrically with respect to the line 

parallel to the direction orthogonal to the periodic direction of the periodic 

pattern, is formed in the pupil region of the projection optical system 4.  The 
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information of the periodic pattern of the original 2 can include, for example, 

information such as the pitch of the periodic pattern and the periodic direction of 

the periodic pattern. 

[0040] In another viewpoint, the adjuster AD, or the controller CN can be 

configured to cause light from the illumination optical system 1 to be obliquely 

incident on the original 2 such that a predetermined light intensity distribution is 

formed in the pupil region by a plurality of diffracted light beams including 

diffracted light of not lower than 2nd-order from the periodic pattern of the 

original 2.  The predetermined light intensity distribution can be a light intensity 

distribution which is line-symmetric with respect to a straight line, which passes 

through the origin of the pupil region of the projection optical system 4 and is 

orthogonal to the periodic direction of the periodic pattern of the original 2. 

[0041] The adjuster AD can be formed from, for example, a PLD (the 

abbreviation of a Programmable Logic Device) such as an FPGA (the 

abbreviation of a Field Programmable Gate Array), an ASIC (the abbreviation of 

an Application Specific Integrated Circuit), a general-purpose or dedicated 

computer embedded with a program, or a combination of all or some of these 

components.  In the following description, the high light intensity portion is also 

referred to as a pole.  Also in a case in which the term "pole" is used, its shape is 

not limited to a specific shape such as a circular shape, and may be, for example, a 

rectangular shape. 

[0042] For example, in accordance with the information (for example, the pitch 

of the periodic pattern, the periodic direction of the periodic pattern, and the like) 

of the periodic pattern of the original 2, the adjuster AD can select one 

illumination mode from a plurality of illumination modes, and adjust the 

illumination optical system 1 such that the selected illumination mode is set.  

The adjuster AD can select the illumination mode corresponding to the 
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information of the periodic pattern of the original 2 with reference to, for example, 

a preset table.  The table can define a correspondence relationship between the 

information of the periodic pattern of the original 2 and the illumination mode.  

The illumination mode defines the light intensity distribution to be formed in the 

pupil region of the illumination optical system 1.  The plurality of illumination 

modes can include, for example, normal illumination (circular illumination), small 

σ illumination, pole illumination (dipole, quadrupole, and the like), annular 

illumination, and the like.  The setting or the selection of the illumination mode 

can be performed by, for example, rotating a turret in which a plurality of aperture 

stops are arranged or rotating a turret in which a plurality of CGHs (Computer-

Generated Holograms) are arranged.  The adjuster AD may determine the 

illumination mode based on, for example, a user instruction. 

[0043] The controller CN can control exposure of the substrate 7 such that each 

point in the shot region of the substrate 7 is exposed in two or more focus states 

(or, two or more defocus states).  More specifically, the controller CN can 

control exposure of the substrate 7 such that each point in the shot region of the 

substrate 7 is exposed in two or more focus states (or, two or more defocus states), 

in a state that the above mentioned predetermined light intensity distribution is 

formed in the pupil region of the projection optical system 4.  Such the exposure 

method is referred to as a FLEX method hereinafter.  The controller CN can be 

formed from, for example, a PLD (the abbreviation of a Programmable Logic 

Device) such as an FPGA (the abbreviation of a Field Programmable Gate Array), 

an ASIC (the abbreviation of an Application Specific Integrated Circuit), a 

general-purpose or dedicated computer embedded with a program, or a 

combination of all or some of these components.  All or part of the controller CN 

may be shared or integrated with all or part of the adjuster AD. 

[0044] The FLEX method can be embodied by various embodying methods.  In 
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the first embodiment, the controller CN controls exposure of the substrate 7 such 

that scanning exposure of the substrate 7 is performed in a state in which the 

normal direction of the surface of the substrate 7 is tilted with respect to the 

optical axis (parallel to the Z-axis) of the projection optical system 4.  Fig. 2 

schematically shows the exposure method according to the first embodiment.  

Dotted lines 10a and 10b indicate the range of exposure light (exposure light 

defined by the slit) entering the substrate 7.  In the scanning exposure, the 

substrate 7 is scanned in the scanning direction (Y direction) along a plane tilted 

about the X-axis with respect to the X-Y plane.  When one point in the shot 

region of the substrate 7 moves from the dotted line 10b to the dotted line 10a, the 

one point is exposed while moving a distance Z1 between the two planes 

sandwiching a best focus plane 9 of the projection optical system 4. 

[0045] In other words, in the scanning exposure applied with the FLEX method, 

an arbitrary point in the shot region of the substrate 7 is exposed so as to reach a 

second focus state (or, a second defocus state) from a first focus state (or, a first 

defocus state).  The distance Z1 in the optical axis direction of the projection 

optical system 4 between the position of the arbitrary point in the first focus state 

(first defocus state) and the position of the arbitrary point in the second focus state 

(second defocus state) is the range of the defocus amount at the arbitrary point.  

The distance Z1 is the distance or amount that contributes to increasing the depth 

of focus by the FLEX method, and this is also referred to as a FLEX amount 

hereinafter. 

[0046] In Fig. 2, scanning exposure of the substrate 7 is performed in the state in 

which the normal direction of the surface of the substrate 7 is tilted with respect to 

the optical axis direction (parallel to the Z-axis) of the projection optical system 4.  

However, scanning exposure of the substrate 7 may be performed in a state in 

which the normal direction of the surface of the original 2 is tilted with respect to 
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the optical axis direction (parallel to the Z-axis) of the projection optical system 4. 

[0047] Fig. 3 exemplarily shows a periodic pattern 11 provided in the original 2.  

P indicates the pitch (period) of the periodic pattern 11, S indicates the line width 

of a transmissive portion, and L indicates the line width of a light blocking 

portion.  In this example, the periodic direction of the periodic pattern 11 is the X 

direction. 

[0048] Fig. 4A schematically shows the light intensity distribution (effective 

light source distribution) of exposure light in Example 1 in a pupil region 21 of 

the illumination optical system 1 of the exposure apparatus EXP according to the 

first embodiment.  σx and σy are pupil coordinates which indicate a position in 

the pupil region 21, and two coordinate axes are parallel to the X-axis and the Y-

axis, respectively.  The origin of the pupil coordinate matches the optical axis of 

the illumination optical system 1.  Fig. 4A shows an example of dipole 

illumination, and each of D1 and D2 indicates the pole.  The poles D1 and D2 

are arranged at positions line-symmetric with respect to the σy-axis (Y-axis). 

[0049] Fig. 4B schematically shows the light intensity distribution (diffracted 

light distribution) formed in a pupil region 31 of the projection optical system 4 

by the plurality of diffracted light beams from the periodic pattern 11 when the 

periodic pattern 11 shown in Fig. 3 provided in the original 2 is illuminated with 

the light intensity distribution shown in Fig. 4A.  POx and POy are pupil 

coordinates which indicate a position in the pupil region 31, and two coordinate 

axes are parallel to the X-axis and the Y-axis, respectively.  The origin of the 

pupil coordinate matches the optical axis of the projection optical system 4.  D10 

indicates the 0th-order diffracted light from the pole D1.  D11 indicates the +1st-

order diffracted light from the pole D1, and D1-1 indicates the -1st-order 

diffracted light from the pole D1.  D1-2 indicates the -2nd-order diffracted light 

from the pole D1.  In this example, the +2nd-order diffracted light and the 3rd- 
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and higher-order diffracted light beams do not enter the pupil region 31 of the 

projection optical system 4. 

[0050] Although not shown in Fig. 4B, diffracted light from the pole D2 also 

enters the pupil region 31 of the projection optical system 4.  More specifically, 

0th-order diffracted light D20 from the pole D2 enters the position of D1-1.  

Further, +1st-order diffracted light D21 from the pole D2 enters the position of 

D10, and -1st-order diffracted light D2-1 from the pole D2 enters the position of 

D1-2.  Furthermore, +2nd-order diffracted light D22 from the pole D2 enters the 

position of D11.  An image of the periodic pattern 11 is formed on the substrate 7 

by the diffracted light beams D10, D11, D1-1, D1-2, D20, D21, D2-1, and D22. 

[0051] The light intensity distribution formed in the pupil region 31 of the 

projection optical system 4 includes at least two poles, more specifically, four 

poles that are arranged line-symmetrically with respect to a line (POy-axis) 

parallel to a direction (Y direction) orthogonal to the periodic direction of the 

periodic pattern 11.  The positions and regions of the four poles are indicated by 

D10, D11, D1-1, and D1-2. 

[0052] Here, a relationship among the pitch P of the periodic pattern 11 shown 

in Fig. 3, the poles D1 and D2 in the pupil region 21 shown in Fig. 4A, and the 

diffracted light beams D10, D1-1, D11, and D1-2 in the pupil region 31 shown in 

Fig. 4B will be described.  Let NA be the numerical aperture of the projection 

optical system 4, and λ be the wavelength of exposure light.  First, the 

coordinates (positions) of the center of each of the poles D1 and D2 shown in Fig. 

4A is expressed as: 

 D1: σx = λ/(2 × P × NA) 

 D2: σx = -λ/(2 × P × NA) 

[0053] Similarly, the coordinate (position) of the center of each of the diffracted 

light beams D10, D1-1, D11, and D1-2 in the pupil region 31 shown in Fig. 4B is 
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expressed as: 

 D10: POx = λ/(2 × P × NA) 

 D11: POx = 3λ/(2 × P × NA) 

 D1-1: POx = -λ/(2 × P × NA) 

 D1-2: POx = -3λ/(2 × P × NA) 

[0054] For example, if the pitch P of the periodic pattern 11 on the image plane 

is 800 nm, NA = 0.55, and λ = 248 nm, σx = 0.282. 

[0055] Fig. 5A shows an optical image obtained when the FLEX exposure as 

shown in Fig. 2 was performed while setting the line width S of the transmissive 

portion of the periodic pattern 11 on the image plane to 200 nm and the line width 

L of the light blocking portion thereof to 600 nm and using the effective light 

source distribution shown in Fig. 4A.  The positions of the centers of the poles 

D1 and D2 in the effective light source distribution shown in Fig. 4A were set to σ 

= ±0.282, and the value obtained by converting the radius of each of the poles D1 

and D2 into the σ value was set to 0.05.  Further, the amount (FLEX amount) to 

be defocused in the FLEX method for the position (Z direction) of the set focus 

plane in the exposure of the substrate 7 was set in a range of ±1.2 μm (Z1 = 2.4 

μm). 

[0056] The abscissa of Fig. 5A represents the light intensity distribution in a 

range of ±400 nm corresponding to one period of the pattern while setting the 

center of the transmissive portion S of the periodic pattern 11 at 0.  ±100 nm 

from the center correspond the transmissive portion S of the periodic pattern 11.  

The shift amount (defocus amount) of the set focus plane from the best focus 

plane 9 of the projection optical system 4 was changed from 0 μm to 2.7 μm at 0.3 

μm intervals.  As can be seen from Fig. 5A, even when the shift amount (defocus 

amount) of the set focus plane from the best focus plane 9 is set to 2.7 μm, the 

light intensity distribution hardily changes.  Accordingly, it can be seen that the 
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depth of focus is greatly increased. 

[0057] Figs. 5B and 5C show comparative examples.  Fig. 5B shows the result 

obtained by performing normal scanning exposure using circular illumination 

with σ = 0.7.  Fig. 5C shows the result obtained by performing FLEX exposure 

using circular illumination with σ = 0.7 while setting the amount (FLEX amount) 

to be defocused in the FLEX method for the position (Z direction) of the set focus 

plane to be in the range of ±1.2 μm (Z1 = 2.4 μm). 

[0058] In the comparative example shown in Fig. 5B, under the condition in 

which the shift amount (defocus amount) of the set focus plane from the best 

focus plane 9 exceeds 0.9 μm, the light intensity distribution becomes almost flat.  

Accordingly, the depth of focus is not larger than ±1 μm.  In the comparative 

example shown in Fig. 5C, the light intensity at the best focus decreases due to 

averaging, but the way the light intensity distribution changes due to defocusing 

becomes moderate, and the depth of focus can be increased to ±1.2 μm or larger. 

[0059] Each of Figs. 5A and 5B shows the result of the FLEX exposure, but it 

can be seen that the effect of increasing the depth of focus obtained by performing 

illumination under the illumination condition shown in Figs. 4A and 4B is 

enormous.  Increasing the depth of focus as described above is advantageous in, 

for example, a process using a thick-film resist, or the like. 

[0060] Here, a relationship between the pitch P of the periodic pattern 11, the 

NA of the projection optical system 4, and the wavelength λ of exposure light will 

be described.  In the example shown in Figs. 4A and 4B, the plurality of 

diffracted light beams including the 2nd- or higher-order diffracted light from the 

periodic pattern 11 form, in the pupil region 31 of the projection optical system 4, 

the light intensity distribution including at least two poles arranged line-

symmetrically with respect to the line parallel to the direction orthogonal to the 

periodic direction of the periodic pattern 11.  Therefore, the positions of D11 and 
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D1-2 on the pupil coordinate need to be located within ±1.  In Fig. 4B, since the 

center of D10 is at (1/3, 0) on the pupil coordinates under the condition in which 

the POx coordinate of D1-2 becomes -1, the pitch P of the periodic pattern 11 is P 

= (3/2) × (λ/NA).  Accordingly, the pitch P of the periodic pattern 11 needs to 

satisfy equation (1): 

 P > (3/2) × (λ/NA) ...(1) 

[0061] Further, in the example shown in Figs. 4A and 4B, the adjuster AD 

adjusts the illumination optical system 1 such that the σ value of the center 

position of each of the poles D1 and D2 included in the light intensity distribution 

formed in the pupil region 21 of the illumination optical system 1 is equal to or 

smaller than 1/3.  In another viewpoint, the adjuster AD can be configured to 

adjust the illumination optical system 1 such that, letting r be the radius of the 

pupil region 21 of the illumination optical system 1, the center position of each of 

the poles D1 and D2 included in the light intensity distribution is located in a 

range of r/3 or less from the origin of the pupil region 21. 

[0062] Fig. 22A schematically shows another example of the light intensity 

distribution (effective light source distribution) of exposure light in the pupil 

region 21 of the illumination optical system 1 of the exposure apparatus EXP 

according to the first embodiment.  σx and σy are pupil coordinates which 

indicate a position in the pupil region 21, and two coordinate axes are parallel to 

the X-axis and the Y-axis, respectively.  The origin of the pupil coordinate 

matches the optical axis of the illumination optical system 1.  Fig. 22A shows an 

example of dipole illumination, and each of D1 and D2 indicates the pole.  The 

poles D1 and D2 are arranged at positions line-symmetric with respect to the σy-

axis (Y-axis). 

[0063] Fig. 22B schematically shows the light intensity distribution formed in 

the pupil region 31 of the projection optical system 4 by the plurality of diffracted 
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light beams from the periodic pattern 11 when the periodic pattern 11 shown in 

Fig. 3 provided in the original 2 is illuminated with the light intensity distribution 

(dipole illumination) shown in Fig. 22A.  POx and POy are pupil coordinates 

which indicate a position in the pupil region 31, and two coordinate axes are 

parallel to the X-axis and the Y-axis, respectively.  The origin of the pupil 

coordinate matches the optical axis of the projection optical system 4.  D10 

indicates the 0th-order diffracted light from the pole D1.  D1-1 indicates the -1st-

order diffracted light from the pole D1.  D1-2 indicates the -2nd-order diffracted 

light from the pole D1.  D1-3 indicates the -3rd-order diffracted light from the 

pole D1. 

[0064] Although not shown in Fig. 22B, the diffracted light from the pole D2 

also enters the pupil region 31 of the projection optical system 4.  More 

specifically, 0th-order diffracted light D20 from the pole D2 enters the position of 

D1-3.  Further, +1st-order diffracted light D21 from the pole D2 enters the 

position of D1-2.  Furthermore, the +2nd-order diffracted light D22 from the 

pole D2 enters the position of D1-1.  +3rd-order diffracted light D23 from the 

pole D2 enters the position of D10. 

[0065] Next, a reason why the depth of focus is increased due to a combination 

of the illumination condition, in which the plurality of diffracted light beams 

including the 2nd- or higher-order diffracted light form the line-symmetric light 

intensity distribution in the pupil region of the projection optical system 4, and the 

FLEX exposure will be described.  Figs. 6A and 6B show the light intensity 

distribution formed when not the FLEX exposure but normal exposure is 

performed using the periodic pattern and the effective light source used in the 

calculation shown in Fig. 5A.  In Figs. 6A and 6B, the value of F indicates the 

defocus amount.  For example, F = 0 shows the light intensity distribution 

obtained when the defocus amount is 0 (that is, the best focus plane).  F = 3.6 



 

- 17 - 

shows the light intensity distribution obtained when the defocus amount is 3.6 μm.  

Figs. 6A and 6B show results obtained by changing the defocus amount by 0.6 μm 

pitch.  The abscissa of each graph in Figs. 6A and 6B is similar to the abscissa of 

Fig. 5A, and represents the light intensity distribution in a range of ±400 nm 

corresponding to one period of the pattern while setting the center of the 

transmissive portion S of the periodic pattern  11 at 0. 

[0066] As can be seen from Figs. 6A and 6B, similar light intensity distributions 

periodically appear with 2.4 μm as one period.  Accordingly, by averaging, in the 

range of the defocus amount corresponding to an integral multiple of the period, 

the light intensity distributions that periodically change in accordance with the 

change of the defocus amount, an optical image in which the light intensity 

distribution hardly changes due to defocusing as shown in Fig. 5A can be 

obtained.  Here, in the first embodiment, such averaging is implemented by 

scanning exposure using the FLEX method.  In Figs. 6A and 6B, the light 

intensity distribution is slightly different between F = 0.6 and F = 3.0, and also 

slightly different between F = 1.2 and F = 3.6.  In this manner, two light intensity 

distributions in the same phase are slightly different from each other.  This is 

because the pole in the effective light source as shown in Fig. 4A is not a point but 

has a proper radius (for example, 0.05 when converted into the σ value). 

[0067] Next, a relationship among the pitch P of the periodic pattern 11, the 

wavelength λ of exposure light, and the optimal defocus amount range (FLEX 

amount) to perform averaging by the FLEX exposure will be described.  As has 

been described above with reference to Figs. 6A and 6B, the optical image of the 

periodic pattern 11 periodically changes in accordance with the defocus amount.  

Therefore, the period in which the optical image formed by the line-symmetric 

diffracted light distribution in the pupil range 31 of the projection optical system 4 

as shown in Fig. 4B changes in accordance with the change of the defocus amount 
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is calculated. 

[0068] Since no phase difference is generated, by defocusing, between two 

diffracted light beams from the line-symmetric positions in the pupil region 31 of 

the projection optical system 4, the light intensity distribution generated by the 

two diffracted light beams do not change due to the change of the defocus amount.  

In the example shown in Fig. 4B, a combination of D10 and D1-1 and a 

combination of D11 and D1-2 correspond to this condition.  On the other hand, 

each of a combination of D10 and D11 and a combination of D11 and D1-1 is not 

a combination of line-symmetric positions in the pupil region 31.  Thus, a phase 

difference is generated due to the change of the defocus amount, and the light 

intensity distribution changes due to the change of the defocus amount.  The 

phase difference between the diffracted light beams changes due to defocusing, 

and the phase difference becomes zero at a predetermined defocus amount.  The 

interval of the defocus amount at which the phase difference becomes zero is a 

period PP, and the shape of the light intensity distribution periodically changes 

due to the change of the defocus amount. 

[0069] In the example shown in Fig. 4B, D10 and D1-1 are arranged at the line-

symmetric positions in the pupil region 31, and D11 and D1-2 are arranged at the 

line-symmetric positions in the pupil region 31.  Accordingly, the phase 

difference between D10 and D11 may be calculated.  Letting λD10 and λD11 be the 

wavelength components of D10 and D11 in the optical axis direction, 

respectively: 

 λD10 = λ/(1 – λ2/P2/4)1/2 

 λD11 = λ/(1 – 9 × λ2/P2/4)1/2 

[0070] Here, the period PP is given by equation (2): 

 PP = λD10 × λD11/(λD11 - λD10) 

 = λ/[(1 – λ2/P2/4)1/2 - (1 – 9 × λ2/P2/4)1/2] ...(2) 
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[0071] By substituting P = 800 nm and the wavelength λ = 248 nm in equation 

(2), PP = 2417 nm is obtained.  Thus, as has been described above in Figs. 6A 

and 6B, the light intensity distribution changes in the period of the defocus 

amount = about 2.4 μm.  Therefore, by averaging the light intensity distributions 

in the range of an integral multiple of the period PP defined by equation (2), an 

image with small change with respect to the change of the defocus amount is 

formed. 

[0072] When increasing the depth of focus, by performing FLEX exposure in 

which the defocus amount is changed in the range (FLEX amount) corresponding 

to an integral multiple of the period PP calculated from the pitch P of the periodic 

pattern and the wavelength λ of exposure light according to equation (2), the 

depth of focus is maximized. 

[0073] On the other hand, the small distance Z1 (FLEX amount), which is the 

range of the defocus amount in the FLEX method, is advantageous in 

simplification of the arrangement of the exposure apparatus EXP.  Therefore, the 

distance Z1 is preferably given by equation (2'): 

 Z1 = λ/[(1 – λ2/P2/4)1/2 - (1 – 9 × λ2/P2/4)1/2] ...(2') 

[0074] The depth of focus is increased even in a case in which the distance Z1 is 

70% of that given by equation (2'), so the distance Z1 is not necessarily equal to 

the period PP. 

[0075] Fig. 7A schematically shows the light intensity distribution (effective 

light source distribution) of exposure light in Example 2 in a pupil region 22 of 

the illumination optical system 1 of the exposure apparatus EXP according to the 

first embodiment.  In the example shown in Fig. 7A, rectangular poles D3 and 

D4 are defined whose widths are set small to obtain the effect of averaging by the 

FLEX exposure but whose lengths are long in the σy-axis direction because the 

position in the σy-axis direction does not influence on imaging in the periodic 
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direction.  Letting P be the pitch of the periodic pattern 11 shown in Fig. 3, the 

coordinates in the σx-axis direction at the centers of D3 and D4 are ±λ/(2 × P × 

NA).  Fig. 7B schematically shows the light intensity distribution (diffracted 

light distribution) formed in a pupil region 32 of the projection optical system 4 

when the periodic pattern 11 is illuminated with the pole D3 shown in Fig. 7A.  

Although not shown in Fig. 7B, diffracted light from the pole D4 also enters the 

pupil region 32 of the projection optical system 4.  More specifically, 0th-order 

diffracted light D40 from the pole D4 enters the position of D3-1.  Further, +1st-

order diffracted light D41 from the pole D4 enters the position of D30, and -1st-

order diffracted light D4-1 from the pole D4 enters the position of D3-2.  

Furthermore, +2nd-order diffracted light D42 from the pole D4 enters the position 

of D31.  Thus, as in Example 1, the effect of increasing the depth of focus by the 

FLEX exposure can be obtained. 

[0076] Example 2 is different from Example 1 in that all the 0th-order diffracted 

light D30 and all the -1st-order diffracted light D3-1 enter the pupil region 32, but 

part of the +1st-order diffracted light D31 and part of the -2nd-order diffracted 

light D3-2 do not enter the pupil region 32 and do not contribute to image 

forming.  Therefore, the light intensity distribution formed in the vicinity of the 

image plane in Example 2 is different from that in Example 1.  However, the 

effect of increasing the depth of focus by the FLEX exposure in Example 2 is 

similar to that in Example 1.  In Example 2, the area of the pole (effective light 

source) in the pupil region of the illumination optical system is larger than that in 

Example 1.  This is advantageous in improving the illuminance and improving 

the illuminance uniformity. 

[0077] Fig. 8 shows a periodic pattern 12 to be used in Example 3, which is used 

in the pupil region 22 of the illumination optical system 1 of the exposure 

apparatus EXP according to the first embodiment.  The original 2 used in 
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Example 3 includes the two-dimensional periodic pattern 12.  The two-

dimensional periodic pattern 12 has a periodicity of a pitch P2 in the X direction, 

and also has a periodicity of the pitch P2 in the Y direction. 

[0078] Fig. 9 schematically shows the light intensity distribution (effective light 

source distribution) of exposure light in Example 3 in a pupil region 23 of the 

illumination optical system 1 of the exposure apparatus EXP according to the first 

embodiment.  The light intensity distribution shown in Fig. 9 can be used in 

substrate exposure using the periodic pattern 12 shown in Fig. 8.  When the 

substrate 7 is exposed using the original 2 including the periodic pattern 12 

exemplarily shown in Fig. 8, the adjuster AD can adjust the illumination optical 

system 1 based on the information of the periodic pattern 12 such that the light 

intensity distribution exemplarily shown in Fig. 9 is formed in the pupil region 23 

of the illumination optical system 1. 

[0079] The light intensity distribution formed in the pupil region 23 includes 

poles D5, D6, D7, and D8.  The absolute values of σx and σy (σx = σy) at the 

center of each of the poles D5, D6, D7, and D8 can be λ/(2 × P2 × NA).  The 

illumination optical system 1 is adjusted such that the light intensity distribution 

as described above is formed in the pupil region 23, and FLEX exposure can be 

performed while using, as the FLEX amount, the distance Z1 in the optical axis 

direction obtained by substituting P2 for P in equation (2).  With this, also in a 

case of using the two-dimensional periodic pattern, the effect of increasing the 

depth of focus can be obtained as in a case of using the one-dimensional periodic 

pattern. 

[0080] Fig. 10 schematically shows the light intensity distribution (effective 

light source distribution) of exposure light in Example 4 in a pupil region 24 of 

the illumination optical system 1 of the exposure apparatus EXP according to the 

first embodiment.  In Example 4, the light intensity distribution obtained by 
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adding a pole D9 to the light intensity distribution including the poles D3 and D4 

in Example 2 is formed in the pupil region 24 of the illumination optical system 1.  

The poles D3 and D4 are arranged spaced apart from each other and line-

symmetrically with respect to the line parallel to the direction orthogonal to the 

periodic direction of the periodic pattern, and they contribute to increasing the 

depth of focus.  On the other hand, the pole D9 is arranged on the optical axis of 

the illumination optical system 1.  The pole D9 does not contribute to increasing 

the depth of focus, but can contribute to improving the image quality on the best 

focus plane and in the vicinity thereof. 

[0081] Each of Figs. 11A to 11C shows a change in light intensity distribution in 

the vicinity of the image plane obtained when the ratio of the light amount of the 

pole D9 to the light amount of the entire light intensity distribution in the pupil 

region 24 of the illumination optical system 1 shown in Fig. 10 is changed.  

Here, the light intensity distribution in each of Figs. 11A to 11C was calculated 

while using the periodic pattern 11 shown in Fig. 3 and setting the line width S of 

the transmissive portion to 200 nm and the pitch P to 800 nm.  Fig. 11A shows 

an example in which the ratio of the light amount of the pole D9 to the light 

amount of the entire light intensity distribution in the pupil region 24 is 0, Fig. 

11B shows an example in which the ratio is 15%, and Fig. 11C shows an example 

in which the ratio is 30%.  As shown in Fig. 11A, when the ratio of the light 

amount of the pole D9 is 0, the light intensity distribution formed in the vicinity of 

the image plane when changing the defocus amount from 0 μm to 2.7 μm hardly 

changes.  On the other hand, as shown in Fig. 11B, when the ratio of the light 

amount of the pole D9 is set to 15%, the light amount of the central portion in best 

focus (defocus amount = 0 μm) increases, but the image performance changes as 

the defocus amount is changed.  Further, as shown in Fig. 11C, when the ratio of 

the light amount of the pole D9 is set to 30%, the light amount of the central 
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portion in best focus (defocus amount = 0 μm) is further improved, but the change 

amount in image performance in accordance with the change of the defocus 

amount further increases. 

[0082] Here, increasing the light amount of the pole D9 with respect to the light 

amount of the entire light intensity distribution in the pupil region 24 means 

decreasing the ratio of the light amounts of the poles D3 and D4 to the light 

amount of the entire light intensity distribution in the pupil region 24.  To the 

contrary, decreasing the light amount of the pole D9 with respect to the light 

amount of the entire light intensity distribution in the pupil region 24 means 

increasing the ratio of the light amounts of the poles D3 and D4 to the light 

amount of the entire light intensity distribution in the pupil region 24.  Increasing 

the ratio of the light amounts of the poles D3 and D4 to the light amount of the 

entire light intensity distribution in the pupil region 24 contributes to increasing 

the depth of focus.  On the other hand, decreasing the ratio of the light amounts 

of the poles D3 and D4 to the light amount of the entire light intensity distribution 

in the pupil region 24 contributes to improving the image performance in best 

focus.  From the viewpoint of improving the depth of focus, the ratio of the light 

amounts of the poles D3 and D4 (at least two poles arranged spaced apart from 

each other and line-symmetrically with respect to the line parallel to the direction 

orthogonal to the periodic direction) to the light amount of the entire light 

intensity distribution in the pupil region 24 is preferably equal to or higher than 

50%.  In the example shown in Fig. 10, the center of the pole D9 matches the 

optical axis, but the center of the pole D9 may be arranged at, for example, a 

position on the σy-axis where σy ≠ 0. 

[0083] Each of Figs. 12A to 12C shows a change in light intensity distribution in 

the vicinity of the image plane obtained when the sizes of the poles D1 and D2 

included in the light intensity distribution in the pupil region 21 of the 



 

- 24 - 

illumination optical system 1 shown in Fig. 4A are changed.  Here, the light 

intensity distribution in each of Figs. 12A to 12C was calculated while using the 

periodic pattern 11 shown in Fig. 3 and setting the line width S of the transmissive 

portion to 200 nm and the pitch P to 800 nm.  The shift amount (defocus 

amount) of the set focus plane from the best focus plane 9 of the projection optical 

system 4 was changed from 0 μm to 2.7 μm at 0.3 μm intervals.  The radius of 

each of the poles D1 and D2 was set to 0.05, 0.10, or 0.15 in the value (pupil 

coordinate) converted to the σ value.  Fig. 12A shows the result obtained when 

the radius of each of the poles D1 and D2 is 0.05, Fig. 12B shows the result 

obtained when the radius of each of the poles D1 and D2 is 0.10, and Fig. 12C 

shows the result obtained when the radius of each of the poles D1 and D2 is 0.15.  

Changing the radius of each of the poles D1 and D2 is equivalent to changing the 

width (diameter) of each of the poles D1 and D2 in the periodic direction of the 

periodic pattern. 

[0084] From the viewpoint of increasing the depth of focus, the radius of each of 

the poles D1 and D2 is preferably small.  From the viewpoint of improving the 

illuminance uniformity on the substrate, the radius of each of the poles D1 and D2 

is preferably large.  In other words, from the viewpoint of increasing the depth of 

focus, the width of each of the poles D1 and D2 in the periodic direction of the 

periodic pattern is preferably small, and from the viewpoint of improving the 

illuminance uniformity on the substrate, the width of each of the poles D1 and D2 

in the periodic direction of the periodic pattern is preferably large.  The width of 

each of the poles D1 and D2 in the periodic direction of the periodic pattern is, for 

example, preferably equal to or smaller than 0.3 in the value converted into the σ 

value.  

[0085] In each of the following embodiments, another embodying method of the 

FLEX method will be described.  Note that matters not mentioned in each of the 
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following embodiments can follow the first embodiment. 

[0086] Fig. 13 shows movement of a substrate during FLEX exposure in an 

exposure apparatus EXP according to the second embodiment.  The exposure 

apparatus EXP according to the second embodiment can have an arrangement 

similar to that of the exposure apparatus EXP according to the first embodiment 

shown in Fig. 1, but the exposure method is different from that in the first 

embodiment.  The exposure apparatus EXP according to the second embodiment 

shown in Fig. 13 is a step-and-repeat sequential movement exposure apparatus. 

[0087] In the exposure apparatus EXP according to the second embodiment, 

exposure of a substrate 7 is performed in a state in which an original 2 and the 

substrate 7 are stationary.  Accordingly, in the exposure apparatus EXP 

according to the second embodiment, as schematically shown in Fig. 13, FLEX 

exposure is performed by exposing the substrate 7 while moving the substrate 7 at 

a constant speed in the range of a distance Z1 from a first position P1 in the Z 

direction to a second position P2 in the Z direction. 

[0088] The second embodiment is different from the first embodiment only in 

the FLEX exposure method of the substrate 7, and the setting of the illumination 

conditions for increasing the depth of focus and the effect of increasing the depth 

of focus are exactly the same as in the first embodiment.  In the second 

embodiment, if the pitch P of the periodic pattern of the original is the same as in 

the first embodiment, the moving amount Z1 of the substrate 7 in the optical axis 

direction has the same value as in the first embodiment. 

[0089] Fig. 14 shows movement of a substrate during FLEX exposure in an 

exposure apparatus EXP according to the third embodiment.  The movement of 

the substrate during FLEX exposure in the exposure apparatus EXP according to 

the third embodiment is similar to the exposure apparatus EXP according to the 

second embodiment.  In the third embodiment, a controller CN controls exposure 



 

- 26 - 

of a substrate 7 such that a shot region of the substrate 7 is exposed in the first 

focus state (or, the first defocus state) and the second focus state (or, the second 

defocus state).  In the first focus state (first defocus state), the shot region is 

exposed with half the normal exposure amount.  Then, the first focus state (first 

defocus state) is changed to the second focus state (second defocus state), and the 

shot region is further exposed with half the normal exposure amount. 

[0090] Letting Z2 be the distance (FLEX amount) between a position P1' of the 

substrate 7 in the first focus state (first defocus state) in the optical axis direction 

(Z direction) of a projection optical system 4 and a position P2' of the substrate 7 

in the second focus state (second defocus state) in the optical axis direction of the 

projection optical system 4, a relation expressed by Z2 = Z1/2 exists.  That is, the 

distance Z2 can be given by equation (3): 

 Z2 = λ/[(1 – λ2/P2/4)1/2 - (1 – 9 × λ2/P2/4)1/2]/2 ...(3) 

[0091] It will be described below that the depth of focus is increased by the 

FLEX method performed by the exposure apparatus EXP according to the third 

embodiment.  Here, an example will be described in which the periodic pattern 

11 shown in Fig. 3 and the effective light source shown in Fig. 4A are used.  

When no FLEX exposure is performed, the light intensity distributions shown in 

Figs. 6A and 6B as have been already described are formed in the vicinity of the 

image plane.  In the first embodiment, the light intensity distributions shown in 

Figs. 6A and 6B are averaged (accumulated) in the width of 2.4 μm in the Z 

direction (optical axis direction).  This is because in the first embodiment, since 

the FLEX exposure is performed while tilting the substrate 7, the light intensity 

distributions are averaged in the range of ±1.2 μm with the position of the set 

focus plane as the center.  To the contrary, in the third embodiment, exposure is 

performed at two Z-direction positions spaced apart by the direction Z2 in the Z 

direction (optical axis direction).  The average of the light intensity distributions 



 

- 27 - 

that periodically change can be obtained by calculating the average of the light 

intensity distributions at two Z-direction positions spaced apart by a distance 

corresponding to half of the period PP.  This can obtain the result similar to that 

obtained by averaging the light intensity distributions in the range corresponding 

to the entire period. 

[0092] Fig. 15 shows the light intensity distribution obtained by selecting, from 

the plurality of light intensity distributions shown in Figs. 6A and 6B, two light 

intensity distributions whose defocus amounts are different by 1.2 μm, and 

averaging the selected two light intensity distributions.  For example, the light 

intensity distribution at the defocus amount = 0 μm can be obtained by averaging 

the light intensity distribution at the defocus amount = -0.6 μm and the light 

intensity distribution at the defocus amount = +0.6 μm.  The light intensity 

distribution at the defocus amount = 6 μm can be obtained by averaging the light 

intensity distribution at the defocus amount = 0 μm and the light intensity 

distribution at the defocus amount = -1.2 μm.  The light intensity distribution 

shown in Fig. 15 is similar to the light intensity distribution shown in Fig. 5A.  

Accordingly, it is understood that the effect of increasing the depth of focus can 

be obtained. 

[0093] Fig. 16 schematically shows the arrangement of an exposure apparatus 

EXP according to the fourth embodiment.  In the fourth embodiment, the defocus 

amount is changed by changing the center wavelength of exposure light, thereby 

performing FLEX exposure. 

[0094] The exposure apparatus EXP according to the fourth embodiment can 

include a light source 41 that supplies exposure light to an illumination optical 

system 1.  In general, examples of the light source of an exposure apparatus are a 

mercury lamp using the g-line (436 nm) light or i-line (365 nm) light of mercury, 

and an excimer laser using KrF (248 nm) light or ArF (193 nm) light.  In an 
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exposure apparatus that uses a mercury lamp as a light source, the light source can 

be arranged inside an illumination optical system in general.  In an exposure 

apparatus that uses an excimer laser as a light source, the light source can be 

arranged outside an illumination optical system in general. 

[0095] In the fourth embodiment, since a function of changing the wavelength of 

exposure light is required, an excimer laser is employed as the light source 41.  

The half-value width of the emission spectrum of an excimer laser is generally 

between 100 and 300 nm.  However, by arranging a spectrum narrow-band unit 

in the laser resonator of the light source 41, the band can be narrowed to have the 

half-value width of 1 pm or less.  Further, in order to correct changes in optical 

characteristics caused by the exposure history of the projection optical system and 

changes in optical characteristics caused by the atmospheric pressure, the light 

source 41 also has a function of controlling the center wavelength.  A controller 

CN has a function of controlling the wavelength of exposure light generated by 

the light source 41. 

[0096] Fig. 17 exemplarily shows a FLEX exposure method in the exposure 

apparatus EXP according to the fourth embodiment.  In Fig. 17, the abscissa 

represents time, and the ordinate represents the center wavelength of exposure 

light generated by the light source 41.  "One shot exposure period" is a period in 

which scanning exposure is performed on one shot region.  In a scanning 

exposure apparatus, a point in a shot region of the substrate 7 is exposed while the 

point passes through the section between the dotted line 10a and the dotted line 

10b shown in Fig. 2.  Therefore, it is necessary to change the wavelength from 

λ0 + Δλ/2 to λ0 - Δλ/2 in the period in which the point passes through the section.  

Since the excimer laser serving as the light source 41 is a pulse laser, the center 

wavelength of exposure light can be changed between the two wavelengths of λ0 

+ Δλ/2 and λ0 - Δλ/2 at equal intervals for each pulse.  λ0 is the center 
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wavelength of exposure light generated by the light source 41 when no FLEX 

exposure is performed. 

[0097] Letting C be the axial chromatic aberration of a projection optical system 

4, a change amount Δλ of the center wavelength corresponding to a driving 

amount Z1 upon driving each point in a shot region of the substrate 7 in the Z 

direction during FLEX exposure is expressed by Δλ = Z1/C.  Here, letting P be 

the pitch of a periodic pattern 11, if the depth of focus is increased by averaging, 

in one period of the wavelength change, changes of the light intensity distribution 

in accordance with the wavelength changes, equation (4) defining Δλ can be 

obtained from equation (2').  Here, λ0 is the peak wavelength of exposure light, 

and λ is approximated by λ0: 

 Δλ = λ0/[(1 – λ02/P2/4)1/2 - (1 – 9 × λ02/P2/4)1/2]/C ...(4) 

[0098] With reference to Figs. 18A and 18B, FLEX exposure in an exposure 

apparatus EXP according to the fifth embodiment will be described.  The 

exposure apparatus EXP according to the fifth embodiment can have an 

arrangement similar to that of the exposure apparatus EXP according to the fourth 

embodiment shown in Fig. 16.  In the fifth embodiment, instead of changing, 

over time, the center wavelength of exposure light generated by a light source 41, 

the FWHM (Full Width at Half Maximum) of the emission spectrum of exposure 

light is increased.  Fig. 18A shows the emission spectrum of exposure light 

generated by the light source 41 when the exposure apparatus EXP according to 

the fifth embodiment performs normal exposure.  Fig. 18B shows an example of 

the emission spectrum of exposure light generated by the light source 41 when the 

exposure apparatus EXP according to the fifth embodiment performs FLEX 

exposure.  In each of Figs. 18A and 18B, the abscissa represents the wavelength, 

and the ordinate represents the spectrum intensity.  In the FLEX exposure, a 

controller CN controls the light source 41 such that the FWHM of the emission 
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spectrum becomes Δλ.  By setting the FWHM of the emission spectrum to the 

value of Δλ, it is possible to obtain the effect similar to that in the FLEX exposure 

in the fifth embodiment without changing the wavelength.  Δλ is desirably given 

by equation (4) so as to satisfy the conditions for increasing the depth of focus to 

maximum. 

[0099] With reference to Fig. 19, FLEX exposure in an exposure apparatus EXP 

according to the sixth embodiment will be described.  The exposure apparatus 

EXP according to the sixth embodiment can have an arrangement similar to that 

of the exposure apparatus EXP according to the fourth embodiment shown in Fig. 

16.  In the sixth embodiment, the center wavelength of exposure light generated 

by a light source 41 is changed in a manner different from that in the fourth 

embodiment.  In Fig. 19, the abscissa represents time, and the ordinate represents 

the center wavelength of exposure light generated by the light source 41.  As 

exposure light generated by the light source 41, light beams having two center 

wavelengths of λ0 + Δλ2/2 and λ0 - Δλ2/2, respectively, are used alternately.  λ0 

is the center wavelength of exposure light generated by the light source 41 when 

no FLEX exposure is performed.  Δλ2 is the difference between the two center 

wavelengths for obtaining the effect similar to that in the FLEX exposure in 

which the FLEX amount is set to the distance Z2 as described in the third 

embodiment. 

[0100] Letting C be the axial chromatic aberration of a projection optical system 

4, the wavelength difference Δλ2 can be given by equation (5) obtained from 

equation (3): 

 Δλ2 = Z2/C 

 = λ0/[(1 – λ02/P2/4)1/2 - (1 – 9 × λ02/P2/4)1/2]/2/C ...(5) 

[0101] In the example shown in Fig. 19, the exposure light beams having the 

two wavelengths are oscillated alternately for each pulse.  However, in a step-
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and-repeat exposure apparatus, a substrate may be exposed while changing the 

wavelength between the first half and the second half of exposure. 

[0102] Fig. 20 shows a modification of the sixth embodiment.  In the method 

described with reference to Fig. 19, the light source 41 alternately generates the 

exposure light beams having the two center wavelengths of λ0 + Δλ2/2 and λ0 - 

Δλ2/2.  However, as shown in Fig. 20, the exposure light beams having the two 

center wavelengths may be simultaneously generated.  The interval between the 

two center wavelengths is Δλ2, and the center between the two center 

wavelengths is λ0. 

[0103] In each of the first to third embodiments, FLEX exposure is implemented 

by driving a substrate such that each point in a shot region of the substrate is 

exposed in two or more focus states (or, two or more defocus states).  In each of 

the fourth to sixth embodiments, FLEX exposure is implemented by changing the 

wavelength of exposure light such that each point in a shot region of a substrate is 

exposed in two or more focus states (or, two or more defocus states).  In the 

seventh embodiment, a controller CN performs an operation of driving a substrate 

and an operation of changing the wavelength of exposure light such that each 

point in a shot region of the substrate is exposed in two or more defocus states (or, 

two or more defocus states). 

[0104] The operation of driving a substrate can include an operation of 

continuously changing the position of the substrate.  Alternatively, the operation 

of driving a substrate can include an operation of changing the first focus state (or, 

the first defocus state) to the second focus state (or, the second defocus state) to 

perform exposure in the second focus state (second defocus state) after exposure 

in the first focus state (first defocus state). 

[0105] The controller CN may perform a first operation and a second operation 

on one shot region such that each point in a shot region of the substrate is exposed 
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in two or more focus states (or, two or more defocus states).  The first operation 

can be an operation of exposing a shot region while setting the position of a 

substrate 7 in the optical axis direction of a projection optical system 4 to a first 

position and setting the wavelength of exposure light to a first wavelength.  The 

second operation can be an operation of exposing the shot region while setting the 

position of the substrate 7 in the optical axis direction of the projection optical 

system 4 to a second position different from the first position and setting the 

wavelength of the exposure light to a second wavelength different from the first 

wavelength. 

[0106] In the method of changing the center wavelength of a light source 41, the 

change amount of the center wavelength between pulses is Δλ.  Since the 

oscillation frequency of currently the mainstream excimer laser is 4 KHz, the 

pulse interval is 0.25 msec.  The wavelength that can be changed during 0.25 

msec while maintaining the accuracy of the center wavelength is limited. 

[0107] With reference to Figs. 21A and 21B, the seventh embodiment will be 

described.  Fig. 21A schematically shows the driving amount (distance Z3) of the 

substrate 7 in a FLEX method performed by an exposure apparatus EXP 

according to the seventh embodiment.  Fig. 21B shows the change amount (Δλ3) 

of the wavelength of exposure light in the FLEX method performed by the 

exposure apparatus EXP according to the seventh embodiment.  The condition 

for maximizing the depth of focus upon exposing the substrate 7 at two positions 

(a first position P1" and a second position P2") in the optical axis direction can be 

given by equation (3).  The condition for maximizing the depth of focus upon 

exposing the substrate 7 with two wavelengths can be given by equation (5).  If 

the maximum change amount of the wavelength of exposure light in the FLEX 

method is Δλ3 where Δλ3 < Z2/C, the depth of focus cannot be maximized. 

[0108] When the projection optical system 4 is a refractive system, due to the 
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axial chromatic aberration, the image plane moves in the -Z-axis direction for a 

long wavelength (that is, λ0 + Δλ3/2), and the image plane moves to the +Z-axis 

direction for a short wavelength (that is, λ0 - Δλ3/2).  In order to increase the 

moving amount of the image plane from the substrate 7, it is advantageous to set 

the wavelength to λ0 + Δλ3/2 at the first position P1" close to the projection 

optical system 4, and set the wavelength to λ0 - Δλ3/2 at the second position P2" 

far from the projection optical system 4.  In this case, letting C be the value of 

the axial chromatic aberration of the projection optical system 4, the depth of 

focus can be maximized when equation (6) is satisfied: 

 Z3 + Δλ3 × C = Z2 ...(6) 

[0109] In each of the above-described embodiments, when the FLEX exposure 

is performed on one shot region in a predetermined defocus range, the 

predetermined defocus range may be divided into a plurality of small ranges and 

the FLEX exposure may be performed for each small range. 

[0110] (Manufacturing Method of Article) 

 A method of manufacturing a semiconductor apparatus (a photoelectric 

conversion apparatus such as a memory or an image sensor) using the 

representative exposure apparatus according to this embodiment will be described.  

The exposure apparatus according to this embodiment is preferably used in a 

semiconductor apparatus manufacturing method including a thick film process.  

The thick film process is a process in which a thick resist film is required.  As an 

example of the thick film process is a formation step of a pixel separation portion 

in an image sensor (photoelectric conversion apparatus). 

[0111] The formation steps of a pixel separation portion in the manufacturing 

steps of an image sensor will be described with reference to Figs. 23A to 23C.  In 

step S101, a semiconductor substrate 101 having a first face S1 and a second face 

S2 which are opposing faces is prepared.  The semiconductor substrate 101 is 
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typically a silicon substrate or a silicon layer.  Next, in step S102, an insulating 

film (for example, a silicon oxide film) 102 is formed on the first face S1 of the 

semiconductor substrate 101. 

[0112] Next, in step S103, a resist 103 is applied on the first face S1 of the 

semiconductor substrate 101, more specifically on the insulating film 102 on the 

first face S1 of the semiconductor substrate 101.  Further, in step S104, as has 

been described in the above-described embodiment, an exposure operation is 

performed such that, in a state in which a predetermined light intensity 

distribution is formed in the pupil plane of the projection optical system, each 

point in a shot region of the semiconductor substrate 101 is exposed in two or 

more focus states (or, two or more defocus states).  With this, a pattern image is 

formed in the resist 103, and a groove (trench) 104 is formed via etching 

processing or the like.  By performing the exposure operation in a state in which 

the depth of focus is increased, it is possible to form, in the resist 103, a pattern 

image having a desired shape. 

[0113] Next, in step S105, the semiconductor substrate 101 is etched by a dry 

etching method or the like, thereby forming a groove 105 on the first face S1 side 

of the semiconductor substrate 101.  In order to protect the first face S1 of the 

semiconductor substrate 101 in this etching, it is necessary to apply the thick resist 

103. 

[0114] Then, in step S106, the resist 103 is removed, and ions are implanted into 

the semiconductor substrate 101 through the groove 105, thereby forming a 

gettering region 106.  That is, in step S106, ions are implanted into the 

semiconductor substrate 101 through the groove 105 in a state in which a region 

other than a region having the groove 105 out of the first face S1 of the 

semiconductor substrate 101 is masked by the insulating film 102.  The gettering 

region 106 can include a first portion positioned below the bottom of the groove 
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105 and a second portion positioned on the lateral side of the groove 105.  As an 

example, the group 14 element concentration in the first portion is higher than that 

in the second portion.  If the semiconductor substrate 101 is a silicon substrate, 

the ions can be the group 14 element ions other than silicon.  An ion 

implantation apparatus can be used for implanting ions.  An acceleration energy 

for implanting the ions can be determined such that the ions are not implanted 

through the insulating film 102 serving as the hard mask and does not reach the 

semiconductor substrate 101.  For example, if the thickness of the insulating film 

102 is 300 nm and the acceleration energy is about 20 keV in implanting the ions, 

the ions are not implanted through the insulating film 102. 

[0115] If the semiconductor substrate 101 is made of a silicon substrate, a 

material that forms ions to be implanted into the semiconductor substrate 101 in 

step S106 is preferably carbon.  A hydrocarbon molecule containing carbon may 

be employed.  If the semiconductor substrate 101 is made of the silicon 

substrate, a material that forms ions to be implanted into the semiconductor 

substrate 101 in step S106 can be germanium, tin, or zinc.  If carbon, 

germanium, tin, or zinc ions are implanted in the silicon substrate serving as the 

semiconductor substrate 101, a local strain is given to the silicon substrate and this 

local region functions as a gettering site.  By implanting the ions into the 

semiconductor substrate 101 through the groove 105, the gettering region 106 can 

be formed at a deep position of the semiconductor substrate 101 even with a 

relatively low acceleration energy. 

[0116] Next, in step S107, the insulating film 102 is removed.  In step S108, an 

insulating film (for example, a silicon nitride film) 107 is formed in the groove 

105 and on the first face S1 of the semiconductor substrate 101 by a film 

formation method such as a reduced pressure CVD method so as to arrange or fill 

the insulator in the groove 105.  Subsequently, in step S109, a portion of the 
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insulating film 107 which exits on the first face S1 of the semiconductor substrate 

101 is removed by a CMP method or the like.  Accordingly, a portion of the 

insulating film 107 which exists in the groove 105 is left as a pixel separation 

portion 108 arranged or filled in the groove 105. 

[0117] Note that steps S108 and S109 need not be performed.  If steps S108 

and S109 are not performed, the groove 105 is left as an air gap which can 

function as the pixel separation portion.  The pixel separation portion 108 

arranged in the groove 105 need not be perfectly filled in the groove 105, and an 

air gap may exist in the groove 105.  The pixel separation portion 108 can be 

formed from only an insulator, but can be formed by a combination of an insulator 

and a non-insulator (a semiconductor or conductor).  In this case, in order to 

avoid the contact between the non-insulator and the semiconductor substrate 101, 

the insulator can be arranged between the non-insulator and the semiconductor 

substrate 101. 

[0118] As has been described above, via the first formation step of forming the 

groove 105 in the semiconductor substrate 101 and the second formation step of 

forming the pixel separation portion 108 in the groove 105, the pixel separation 

portion 108 is formed.  Thereafter, a charge accumulation region, a gate 

electrode, and the like are formed in a region between a plurality of pixel 

separation portions, thereby forming an image sensor.  The method of 

manufacturing an article according to this embodiment is superior to a 

conventional method in at least one of the performance, quality, productivity, and 

production cost of the article. 

 

[0119]Other Embodiments 

 Embodiment(s) of the present invention can also be realized by a 

computer of a system or apparatus that reads out and executes computer 
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executable instructions (e.g., one or more programs) recorded on a storage 

medium (which may also be referred to more fully as a 'non-transitory computer-

readable storage medium') to perform the functions of one or more of the above-

described embodiment(s) and/or that includes one or more circuits (e.g., 

application specific integrated circuit (ASIC)) for performing the functions of one 

or more of the above-described embodiment(s), and by a method performed by 

the computer of the system or apparatus by, for example, reading out and 

executing the computer executable instructions from the storage medium to 

perform the functions of one or more of the above-described embodiment(s) 

and/or controlling the one or more circuits to perform the functions of one or more 

of the above-described embodiment(s). The computer may comprise one or more 

processors (e.g., central processing unit (CPU), micro processing unit (MPU)) and 

may include a network of separate computers or separate processors to read out 

and execute the computer executable instructions. The computer executable 

instructions may be provided to the computer, for example, from a network or the 

storage medium. The storage medium may include, for example, one or more of a 

hard disk, a random-access memory (RAM), a read only memory (ROM), a 

storage of distributed computing systems, an optical disk (such as a compact disc 

(CD), digital versatile disc (DVD), or Blu-ray Disc (BD)™), a flash memory 

device, a memory card, and the like. 

[0120] While the present invention has been described with reference to 

exemplary embodiments, it is to be understood that the invention is not limited to 

the disclosed exemplary embodiments.  The scope of the following claims is to 

be accorded the broadest interpretation so as to encompass all such modifications 

and equivalent structures and functions. 
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WHAT IS CLAIMED IS: 

1. An exposure apparatus that comprises an illumination optical system 

configured to illuminate an original including a periodic pattern and a projection 

optical system configured to form an image of the original on a substrate, the 

apparatus comprising 

 a controller configured to cause light from the illumination optical 

system to be obliquely incident on the original such that a light intensity 

distribution including four high light intensity portions and line-symmetric with 

respect to a straight line, which passes through an origin of a pupil region of the 

projection optical system and is orthogonal to a periodic direction of the periodic 

pattern, is formed in the pupil region of the projection optical system by a 

plurality of diffracted light beams including diffracted light of lower than 2nd-

order and diffracted light of not lower than 2nd-order from the periodic pattern, 

and to control exposure of the substrate such that each point in a shot region of the 

substrate is exposed in not less than two focus states based on a relationship 

between focus states and phase differences of two lights among the four lights 

from the four high light intensity portions, wherein a phase difference between the 

two lights periodically changes in accordance with a focus state. 

2. The apparatus according to claim 1, further comprising 

 an adjuster configured to adjust the illumination optical system such that 

the light intensity distribution is formed in the pupil region of the projection 

optical system. 

3. The apparatus according to claim 2, wherein 

 the adjuster adjusts the illumination optical system such that the light 

intensity distribution formed in the pupil region of the projection optical system 

includes a pole arranged on the straight line. 

4. The apparatus according to claim 2, wherein 
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 the adjuster adjusts the illumination optical system such that a second 

light intensity distribution including at least two second high light intensity 

portions arranged line-symmetrically with respect to a line parallel to a direction 

orthogonal to the periodic direction and spaced apart from each other are formed 

in a pupil region of the illumination optical system such that the four high light 

intensity portions are formed by diffracted light beams from the at least two 

second high light intensity portions, and each of the at least two second high light 

intensity portions has a higher light intensity than in the remaining portion in the 

second light intensity distribution. 

5. The apparatus according to claim 4, wherein 

 letting r be a radius of the pupil region of the illumination optical system, 

the adjuster adjusts the illumination optical system such that a σ value of a center 

position of each of the at least two second high light intensity portions included in 

the light intensity distribution formed in the pupil region of the illumination 

optical system is not more than r/3. 

6. The apparatus according to claim 4 or 5, wherein 

 a ratio of light amounts of the at least two second high light intensity 

portions in the pupil region of the illumination optical system to a light amount of 

the entire light intensity distribution formed in the pupil region of the illumination 

optical system is not lower than 50%. 

7. The apparatus according to claim 1, wherein 

 a second light intensity distribution including at least two second high 

light intensity portions arranged line-symmetrically with respect to a line parallel 

to a direction orthogonal to the periodic direction and spaced apart from each 

other are formed in a pupil region of the illumination optical system such that the 

four high light intensity portions are formed by diffracted light beams from the at 

least two second high light intensity portions, 
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 a value obtained by converting, into a σ value, a width, in the periodic 

direction, of each of the at least two high light intensity portions included in the 

light intensity distribution formed in the pupil region of the illumination optical 

system is not larger than 0.3. 

8. The apparatus according to claim 1, wherein 

 letting P be a pitch of the periodic pattern in the periodic direction, λ be a 

wavelength of exposure light, and NA be a numerical aperture of the projection 

optical system, the illumination optical system allows the plurality of diffracted 

light beams to form the light intensity distribution including the at least two high 

light intensity portions in the pupil region of the projection optical system if P > 

(3/2) × (λ/NA) is satisfied. 

9. The apparatus according to any one of claims 1 to 8, wherein 

 the controller controls exposure of the substrate such that scanning 

exposure of the substrate is performed in a state in which a normal direction of a 

surface of the substrate is tilted with respect to an optical axis direction of the 

projection optical system. 

10. The apparatus according to claim 9, wherein 

 in the scanning exposure, the shot region is exposed such that an arbitrary 

point in the shot region reaches a second focus state from a first focus state, and 

letting Z1 be a distance in the optical axis direction between the arbitrary point in 

the first focus state and the arbitrary point in the second focus state, P be a pitch of 

the periodic pattern in the periodic direction, and λ be a wavelength of exposure 

light, Z1 = λ/[(1 – λ2/P2/4)1/2 - (1 – 9 × λ2/P2/4)1/2] is satisfied. 

11. The apparatus according to any one of claims 1 to 10, wherein 

 the controller controls exposure of the substrate such that the shot region 

is exposed in each of a first focus state and a second focus state. 

12. The apparatus according to claim 11, wherein 
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 letting Z2 be a distance between a position of the substrate in the first 

focus state in an optical axis direction of the projection optical system and a 

position of the substrate in the second focus state in the optical axis direction, P be 

a pitch of the periodic pattern in the periodic direction, and λ be a wavelength of 

exposure light, Z2 = λ/[(1 – λ2/P2/4)1/2 - (1 – 9 × λ2/P2/4)1/2]/2 is satisfied. 

13. The apparatus according to any one of claims 1 to 8, wherein 

 a center wavelength of exposure light is continuously changed between 

two wavelengths, and 

 if the two wavelengths are λ0 - Δλ/2 and λ0 + Δλ/2 and letting C be a 

value of an axial chromatic aberration of the projection optical system, P be a 

pitch of the periodic pattern in the periodic direction, Δλ be a full width at half 

maximum of exposure light, and λ0 be a peak of the exposure light, Δλ = λ0/[(1 – 

λ02/P2/4)1/2 - (1 – 9 × λ02/P2/4)1/2]/C is satisfied. 

14. The apparatus according to any one of claims 1 to 8, wherein 

 letting C be a value of an axial chromatic aberration of the projection 

optical system, P be a pitch of the periodic pattern in the periodic direction, Δλ be 

a full width at half maximum of exposure light, and λ0 be a peak of the exposure 

light, Δλ = λ0/[(1 – λ02/P2/4)1/2 - (1 – 9 × λ02/P2/4)1/2]/C is satisfied. 

15. The apparatus according to any one of claims 1 to 8, wherein 

 exposure light beams having two wavelengths whose center wavelengths 

are different from each other are used, and 

 if the two wavelengths are λ0 - Δλ/2 and λ0 + Δλ/2 and letting C be a 

value of an axial chromatic aberration of the projection optical system, P be a 

pitch of the periodic pattern in the periodic direction, Δλ be a full width at half 

maximum of exposure light, and λ0 be a peak of the exposure light, Δλ = λ0/[(1 – 

λ02/P2/4)1/2 - (1 – 9 × λ02/P2/4)1/2]/2/C is satisfied. 

16. The apparatus according to any one of claims 1 to 8, wherein 
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 the controller performs an operation of driving the substrate and an 

operation of changing a wavelength of exposure light such that each point in a 

shot region of the substrate is exposed in not less than two focus states. 

17. The apparatus according to claim 16, wherein 

 the operation of driving the substrate includes an operation of 

continuously changing a position of the substrate. 

18. The apparatus according to any one of claims 1 to 8, wherein 

 the controller performs an operation of exposing the shot region while 

setting a position of the substrate in an optical axis direction of the projection 

optical system to a first position and setting a wavelength of exposure light to a 

first wavelength, and an operation of exposing the shot region while setting the 

position of the substrate in the optical axis direction of the projection optical 

system to a second position different from the first position and setting the 

wavelength of the exposure light to a second wavelength different from the first 

wavelength, such that each point in the shot region is exposed in not less than two 

focus states. 

19. An exposure method of exposing a substrate using an illumination optical 

system configured to illuminate an original including a periodic pattern and a 

projection optical system configured to form an image of the original on the 

substrate, the method comprising 

  causing light from the illumination optical system to be obliquely 

incident on the original such that a light intensity distribution including four high 

light intensity portions and line-symmetric with respect to a straight line, which 

passes through an origin of a pupil region of the projection optical system and is 

orthogonal to a periodic direction of the periodic pattern, is formed in the pupil 

region of the projection optical system by a plurality of diffracted light beams 

including diffracted light of lower than 2nd-order and diffracted light of not lower 
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than 2nd-order from the periodic pattern, and 

 controlling exposure of the substrate such that each point in a shot region 

of the substrate is exposed in not less than two focus states based on a relationship 

between focus states and phase differences of two lights among the four lights 

from the four high light intensity portions, wherein a phase difference between the 

two lights periodically changes in accordance with a focus state. 

20. A method of manufacturing a semiconductor apparatus, the method 

comprising forming a groove in a substrate and forming a pixel separation portion 

in the groove, wherein 

 the forming a groove in a substrate includes an operation of exposing the 

substrate in accordance with an exposure method according to claim 19. 


