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(57) ABSTRACT

A measuring method for measuring a wave front of light,
which has passed through a target optical system. The
method includes the steps of dividing the light that passes
the target optical system into a first wave front and a second
wave front made by offsetting the first wave front by a
predetermined amount in a predetermined direction, obtain-
ing information concerning an interference fringe using
shearing interference with divided light, calculating a dif-
ferential wave front between the first wave front and the
second wave front by using the information concerning the
interference fringe obtained in the obtaining step, and cor-
recting the differential wave front based on the predeter-
mined amount and a wave number in the predetermined
direction.

12 Claims, 7 Drawing Sheets
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MEASURING METHOD AND APPARATUS
USING SHEARING INTERFEROMETRY,
EXPOSURE METHOD AND APPARATUS

USING THE SAME, AND DEVICE
MANUFACTURING METHOD

This application claims foreign priority based on Japanese
Patent Application No. 2003-396790, filed Nov. 27, 2003,
which is hereby incorporated by reference herein.

BACKGROUND OF THE INVENTION

The present invention relates generally to a measuring
method and apparatus, and, more particularly, to a measur-
ing method and apparatus that use shearing interferometry to
measure a wave front aberration of a target optical system,
such as a projection optical system, which transfers a mask
pattern onto an object, and an exposure method and appa-
ratus using the measuring method and apparatus. The inven-
tive measuring method and apparatus is suitable, for
example, for measurement of a projection optical system in
an exposure apparatus that utilizes extreme ultraviolet
(“EUV”) light.

A projection exposure apparatus is used to transfer a
pattern on a mask (or a reticle) onto an object to be exposed
in manufacturing semiconductor devices, etc., in a photoli-
thography process. This exposure apparatus is required to
transfer the pattern on the reticle onto the object precisely at
a predetermined magnification. For this purpose, it is impor-
tant to use a projection optical system having a good
imaging performance and reduced aberration. In particular,
due to the recent demands for finer processing of semicon-
ductor devices, a transferred pattern is sensitive to the
aberration of the optical system. Therefore, there is a
demand to measure the wave front aberration of the projec-
tion optical system with high precision.

The shearing interferometry is conventionally known as a
method for measuring a wave front aberration of a projec-
tion optical system (see, for example, Japanese Patent Appli-
cation, Publication No. 2000-146705). Since the shearing
interferometry provides relatively easy alignments and has a
wide measurable range of aberration, the improvement of
the measurement precision is strongly demanded. The shear-
ing interferometry typically measures differential wave
fronts in two orthogonal directions, integrates the entire
measured area surface in the shearing directions from a
reference point, such as a center point, using these two
differential wave fronts, and obtains a shape of the entire
target wave front.

One method for measuring the target wave front in the
shearing interferometer is to approximately calculate the
target wave front by integrating the differential wave front of
a component having a period sufficiently larger than the
shearing amount, i.e., an offset amount of the wave front,
among the spatial wave number components in the target
wave front or a low-frequency component of the target wave
front. In other words, when the shearing amount is suffi-
ciently smaller than the frequency component of the target
wave front, the differential wave front can be considered to
be substantially equivalent to the differentiated wave front
obtained by differentiating the target wave front. The target
wave front can be calculated by integrating the differential
wave front measured by the shearing interferometer. How-
ever, the recent demand for the improved precision of the
projection optical system requires a precise shape of the
equivalent wave front including the wave front information
of the spatially high-frequency component. The shearing
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interferometer directly measures only the differential wave
front of the target wave front, which is, strictly speaking, not
the differentiated wave front. Therefore, a mere integration
of'the differential wave front causes increased errors in wave
number components having periods close to the shearing
amount. This is because, as the frequency component of the
target wave front becomes higher, the shearing amount
cannot be considered to be sufficiently smaller than the
frequency component, and thus, the differential wave front
cannot be considered to be equivalent to the differentiated
wave front. For example, a measured value of a wave
number component having a period twice as many as a
shearing amount is (2/7)x100=64% of an actually measured
value. This problem is solved when measurements cover
high-frequency wave number components by reducing a
shearing amount. However, in turn, the noise influence
becomes problematic due to the reduced output of the
differential wave front measured by the interferometer.

BRIEF SUMMARY OF THE INVENTION

Accordingly, it is an illustrative object of the present
invention to provide a measuring method and apparatus for
measuring a wave front of a target optical system in a wide
frequency-component range that covers a higher frequency
component than the conventional ones using the shearing
interferometry, an exposure method and apparatus using
them, and a device manufacturing method.

A measuring method according to one aspect of the
present invention for measuring a wave front of light, which
has passed through a target optical system, includes the steps
of generating an interference fringe using shearing interfer-
ence with light that passes a target optical system, calculat-
ing a differential wave front between a first wave front of the
light that passes the target optical system and a second wave
front made by offsetting the first wave front by a predeter-
mined amount in a predetermined direction, and correcting
the differential wave front based on the predetermined
amount and the wave number in the predetermined direc-
tion.

The calculating step may include the step of calculating a
two-dimensional wave number distribution function through
a two-dimensional Fourier transformation to the differential
wavefront, wherein the correcting step includes the step of
multiplying the two-dimensional wave number distribution
function by a correction coefficient of 1/(2ixsin(aAx/2)),
where Ax is the predetermined amount, o is the wave
number in the predetermined direction, and i is the imagi-
nary unit, and wherein the measuring method calculates the
wave front of the target optical system through a two-
dimensional inverse Fourier transformation to the wave
number distribution function multiplied by the correction
coeflicient. The measuring method may further include the
step of varying at least one of the predetermined amount and
the predetermined direction.

An exposure method according to another aspect of the
present invention includes the steps of calculating a wave
front aberration of a target optical system using the above
measuring method, adjusting the target optical system based
on the wave front aberration of the target optical system,
which is calculated by the calculating step, and exposing an
object using the target optical system adjusted by the adjust-
ing step.

A measuring apparatus according still another aspect of
the present invention for measuring wave front of light,
which has passed through a target optical system, includes
an interference part for generating an interference fringe
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using shearing interference with light that passes the target
optical system, an offset part for offsetting a wave front of
the light that passes the target optical system by a predeter-
mined amount in a predetermined direction, an operation
part for correcting a differential wave front between a first
wave front of the light that passes the target optical system
and a second wave front made based on the predetermined
amount and the wave number in the predetermined direc-
tion, and for calculating the first wave front of the target
optical system based on the differential wave front.

A measuring apparatus may further include plural
exchangeable diffraction gratings each for dividing the light,
the plural diffraction gratings having different grating con-
stants. The measurement apparatus may further include
plural exchangeable diffracting gratings each for dividing
the light, the plural diffracting gratings having different
pattern directions. The measuring apparatus may further
include a light divider for dividing the light, the light divider
being rotatable around an optical axis of the target optical
system. The measuring apparatus may further include a unit
that changes at least one of the predetermined amount and
the predetermined direction.

An exposure apparatus according to another aspect of the
present invention, for exposing a pattern on a mask onto an
object using light, includes a projection optical system for
projecting the pattern onto the object, and the above mea-
suring apparatus for detecting a wave front aberration of the
projection optical system. The light may have a wavelength
of 20 nm or smaller.

A device manufacturing method according to another
aspect of the present invention includes the steps of expos-
ing an object to be exposed using the above exposure
apparatus, and developing the object exposed. Claims for a
device fabricating method for performing operations similar
to that of the above exposure apparatus cover devices as
intermediate and final products. Such devices include semi-
conductor chips, such as LSIs and VLSIs, CCDs, LCDs,
magnetic sensors, thin film magnetic heads, and the like.

Other objects and further features of the present invention
will become readily apparent from the following description
of the preferred embodiments with reference to the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an optical path diagram of a measuring apparatus
according to one embodiment of the present invention.

FIG. 2 is a flowchart for explaining an operation method
in the measuring method according to one embodiment of
the present invention.

FIGS. 3A-3E are waveform diagrams showing a wave
front obtained in each processing stage shown in FIG. 2.

FIG. 4 is a view showing a dead component in the wave
number space in the measuring method according to one
embodiment of the present invention.

FIG. 5 is an optical path diagram for explaining an
exposure apparatus according to one embodiment of the
present invention.

FIG. 6 is a flowchart for explaining a method for fabri-
cating devices (e.g., semiconductor chips, such as ICs, LSIs,
and the like, as well as LCDs, CCDs, etc.).

FIG. 7 is a detailed flowchart for Step 4 of the wafer
process shown in FIG. 6.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The inventor of the subject application has discovered that
a high-frequency component is correctly calculated by cal-
culating a wave number distribution function through a
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Fourier transformation to a differential wave front, multi-
plying the wave number distribution function by a corrected
coeflicient, and executing an inverse Fourier transformation
to the result, instead of merely integrating the differential
wave front. A description will now be given of the wave
front calculating method in the measuring method of the
instant embodiment.

First, a correction coefficient is calculated based on a
result of a relationship between a wave number distribution
function of a target wave front and a wave number distri-
bution function of a differential wave front. The target wave
front is W(X, y), and its Fourier transformation F(a, ) is a
spatial wave number distribution function of W(x, y), where
a and [ are wave numbers in x and y directions. W(x, y) is
an inverse Fourier transformation in view of F(a, ) and,
thus, the following equation is established:

1
Wix, y) = ﬂffF(w, Pexplilax + By)dad f.

Wave fronts W(x+Ax/2) and W(x-Ax/2), which are
sheared from the original wave front W(x, y) by +Ax/2 in the
x direction are expressed as follows, where Ax is the
shearing amount by the shearing interferometer, o is the
wave number in the x direction, and fis the wave number in
the y direction:

1 ] alx 2
Wix+Ax/2,y) = ﬂffF(w, ,B)exp(z(wx+ - +,By))dwd,8

Wix—Ax/2,y) = %ffF(w, ,B)exp(i(wx - # +,By))dwd,8. ®

Therefore, the wave front measured in the shearing inter-
ferometer of the differential wave front Wx(x, y) is
expressed as follows:

Wxx, y) = Wx+ Ax/2, y) - W(kx - Ax/2, y) 4

=L f f Fia. Bresplitar-+ By)|exali o) -
2 ’ 2
exp(— i# ))dwdﬁ

= 2 [Fia. prisin®espi dod
= ﬂff (@, B) zsmTexp(z(wx+,By)) ad .

The left side F(o,p)2isincAx/2 is a definition of the
inverse Fourier transformation, and, thus, the following
equation is obtained through the Fourier transformation to
Equation 4:

F .. @Ax (5)
x(a@, p) = Fla, ,B)lemT.

Here, Fx(c, p) is the Fourier transformation of Wx(x, y)
and the wave number distribution function of Wx(x, y):

Fx(a,B)=[ | Wx(x,y)exp(i(ax+By))dxdy. Q)

Fx(a, P) is calculated by substituting the actually mea-
sured differential wave for Wx(x, y) in Equation 6. The
following equation is established from Equation 5:
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Fx(a, B)

2isin T2
s 5

Fla, p =

The target wave front W(x, y) is calculated by the
following equation from Equations 1 and 7:

1
W<x,y)=§ff

Fx(a, ) .
A% exp(i(ax + By)dad .

2isine =X
s B

®

Thus, precise measurements are available from low to
high frequencies except for the wave number component
that satisfies

‘wa—O
sin—— =0,

or o=2n7/Ax (n is an integer).
A description will now be given of a method of calculat-
ing immeasurable wave number components that satisfy

‘wa—O
sin—— =0,

which are referred/to as dead components hereinafter. This
method includes a method that varies a shearing amount, and
a method that varies a shearing direction.

For measurements using variable shearing amounts, the
dead component becomes a,=2nm/Ax, as a result of mea-
surement with a shearing amount Ax, (#Ax). Therefore, the
measurements using the shearing amounts Ax and Ax,
enable one dead component to be complemented by the
other measurement. Even in this case, a component having
a=0 and components having common multiples between
2m/Ax and 27/Ax, still remain as dead components. How-
ever, when Ax and Ax; are set so that the minimum common
multiple between 27/Ax and 27/Ax, is made larger than the
addressed wave number region, any components except for
one having o of 0 or a component that is constant in the x
direction can be measured.

For measurements using variable shearing directions, the
shearing directions are varied in the x and y directions for
measurements. The target wave front is expressed as fol-
lows, where Ay in the shearing amount in the y direction:

B 1 Fs(a, )
RSN b

2isint=
s 5

®

exp(i(ax + By)dad B.

In this case, the dead components are wave numbers that
satisfy

A
sinu =0
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or f=2nm/Ay (n is an integer). Therefore, only the wave
number components remain as the dead components that
simultaneously meet the following equations by mutually
complementing the dead components through the shearing
measurements in both the x and y directions, and almost all
the wave number components can be measured:

a=2nm/Ax (10)

B=2man/Ay. 11

While the instant embodiment sets the shearing directions
to the x and y directions, the two directions do not have to
be orthogonal and may be inclined, for example, by 45° and
60°.

The dead component can be completely eliminated by at
least three combinations of measurements using different
shearing amounts and/or the shearing directions. In one
embodiment, the measurements use shearing directions of
one parallel to the x axis, one inclined to the x axis by 30°
and one inclined to the x axis by 90° or the y axis. Since
there is no common dead component, all the wave number
components can be measured (except for a so-called piston
component having =0 and $=0). Another embodiment can
also substantially eliminate the dead component by using a
combination of x shearing measurements that use the shear-
ing amount of V10 and V11 of numerical aperture (“NA”) and
a y shearing amount. Although vibrating common dead
components exist at periods of NA times (1/10)x(1/11)=%110
and its multiple with (1/integer), these high-frequency com-
ponents are unnecessary to be measured in general. Even if
necessary, another measurement using a different shearing
amount can solve this problem. Of course, there are other
myriads of combinations for complementing the dead com-
ponents.

FIG. 1 shows a structure of a measuring apparatus accord-
ing to one embodiment of the present invention. In FIG. 1,
reference numeral 1 denotes a light source, reference
numeral 2 denotes a condenser system, reference numeral 3
denotes a pinhole mask, reference numeral 4 denotes a target
optical system, reference numerals 51, 52 and 53 denote
diffraction gratings, reference numerals 61, 62 and 63 denote
order selection windows that allow only =first order dif-
fracted lights to pass, reference numeral 7 denotes a switch
of the diffraction grating and order selection window, ref-
erence numeral 8 denotes an image pickup device, such as
a CCD camera, and reference numeral 9 denotes a wave
front processor. The diffracting gratings 51 and 52 have
different grating coefficients, although their pattern line
directions are parallel to each other. The diffraction gratings
51 and 53 have orthogonal pattern line directions. The
switch may serve as drive means for rotating the diffraction
grating.

In the wave front aberration measurement, the wave front
of the light emitted from the light source 1 becomes a
spherical wave after the condenser system 2 allows the light
to pass a fine pinhole in the pinhole mask 3 arranged at the
object position of the target optical system. The light that
passes the target optical system has the spherical wave front
equal to the equivalent wave front aberration of the target
optical system. Next, the diffraction grating 51 divides the
light into plural diffracted light, and only the +first order
diffracted lights pass the order selection window 61. FIG. 1
does not show other diffracted lights except for +first order
lights for illustrative convenience. While the =xfirst order
diffracted lights have the same wave front as the light that
passes the target optical system 4, their principal rays have
different directions due to diffractions and they overlap on
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the image pickup device 8 while laterally offsetting from
each other, causing so-called shearing interference fringes.
The generated interference fringe image is fed to the wave
front processor 9, which, in turn, calculates the equivalent
wave front of the target optical system 4 based on the fed
interference fringe image.

Referring now to FIGS. 2 and 3A-3E, a description will
be given of the operation procedure in the wave front
processor 9. Here, FIG. 2 is a flowchart for explaining the
operation method by the wave front processor 9. FIGS.
3A-3E are waveform diagrams showing wave fronts
obtained at each processing stage. This embodiment sets the
first shearing direction to the x direction and the shearing
amount to Ax.

First, the differential W(x, y) of the target wave front
shown in FIG. 3B is calculated from the interference fringes
shown in FIG. 3A (step 102). While a method for calculating
the differential wave front is not described in detail here, a
phase difference between the +first order lights is stepwise
varied, as known as a phase shift method, for example, by
moving the diffraction grating 51 by every equal distance of
1/(small integer of the granting interval), and the differential
wave front is calculated by analyzing plural interference
fringe images.

Next, the wave number distribution function Fx(a, f)
shown in FIG. 3C is calculated through the Fourier trans-
formation to a differential wave front shown in FIG. 3B (step
104), where o and [ are wave numbers in the x and y
directions, respectively.

Next, F(a, p) is calculated as shown in FIG. 3D by
multiplying the distribution function Fx(a, p) shown in FIG.
3C by a correction coefficient 1/{2ixsin(c.Ax/2)} (step 106),
where i is the imaginary unit.

Next, the target wave front W(X, y) is calculated as shown
in FIG. 3E through the inverse Fourier transformation to the
wave number distribution function Fx(a, ) shown in FIG.
3D (step 108).

A description will now be given of treatments of the dead
components. As discussed, Fx(a, ) is always zero for
a=2nm/Ax and these components cannot be calculated. In
order to avoid this problem, measurements are resumed by
varying the shearing amount and direction. In order to vary
the shearing amount, diffraction gratings having different
grating coeflicients are used. In order to vary the shearing
direction, diffraction gratings having different orientations
are used or the same diffraction grating is rotated around the
optical axis. Of course, the order selection window should
be exchanged or rotated in accordance with the shearing
amount and the shearing direction. In the instant embodi-
ment, the switch 7 for the diffraction grating and the order
selection window shown in FIG. 1 can simultaneously
switch them.

FIG. 4 shows a dead component in the wave number
space. The longitudinal broken line expresses the dead
component measured with two different shearing amounts
Ax and Ax,, while the shearing direction is maintained in the
x direction. The respective dead components are wave
number components having an o of 2n7/Ax and 2n,7w/Ax, (n
and n, are integers), and the dead components can be
mutually complemented by selecting the shearing amounts
Ax and Ax, properly, although the common dead component
having o zero or a component that is constant in the x
direction cannot be complemented. Next, the switch 7 for
the diffraction grating and order selection window switches
them so that the shearing direction becomes the y direction.
The dead component is a wave number component having a
P of 2mm/Ay, where Ay is the shearing amount, and m is an
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integer. The lateral broken line in FIG. 4 indicates the dead
component in this case, and it is understood that only the
slight residue remains in the dead components, which cannot
be complemented by these three measurements. It is easily
understood that all the dead components other than (a,
p)=(0, 0) can be complemented if there is a measurement
with a different shearing amount in they direction, or a
measurement having a different shearing direction from the
x and y directions, such as a direction of 45°. The target
wave front can be precisely produced through the inverse
Fourier transformation to the obtained wave number distri-
bution function. Since the component having (o, f)=(0, 0) is
a plane component that is usually called a piston and is not
the wave front aberration, no problem occurs even if it is not
measured.

As discussed, the shearing interferometer of the instant
embodiment can measure the wave front aberration of the
target optical system precisely including spatially high-
frequency components.

Referring now to FIG. 5, a description will be given of an
exposure apparatus 40 according to another embodiment of
the present invention. Here, FIG. 5 is a schematic block
diagram of the exposure apparatus 40 that utilizes the EUV
light as the exposure light, although the inventive exposure
apparatus is not limited to the EUV light.

In FIG. 5, reference numeral 41 denotes an illumination
optical system including the light source, reference numeral
42 denotes a reticle stage, and reference numeral 44 denotes
a reticle. In measuring the wave front aberration, the reticle
44 has a reflection pinhole 43 or a fine reflection area as large
as a pinhole in the pinhole mask 3 in FIG. 1. In exposing a
wafer, a circuit pattern of a semiconductor device, (e.g., a
semiconductor chip, such as an IC and an LSI, a liquid
crystal panel, and a CCD) is formed on the reticle 44.
Reference numeral 4A denotes a projection optical system as
a target optical system. Reference numeral 45 denotes a
wafer stage. Reference numerals 51 to 53 denote diffraction
gratings, and reference numerals 61 to 63 are order selection
windows. The diffraction gratings and order selection win-
dows are aligned in the lateral direction to the paper surface
in FIG. 1 and in a perpendicular direction with the paper
surface in FIG. 5. FIG. 5 omits the switch (or drive means)
7 and processor 9 for convenience. The diffraction gratings
51 to 53 and order selection windows 61 to 63 are configured
to be switched by drive means (not shown). Reference
numeral 8 denotes the image pickup device, and reference
numeral 47 denotes an object to be exposed, which is a wafer
in the instant embodiment. The diffraction gratings 51 to 53,
the order selection windows 61 to 63, and the image pickup
device 8, are integrated with each other and arranged on the
wafer stage 45.

In order to measure the wave front aberration of the
projection optical system 4A with such a configuration, the
illumination optical system 41 illuminates the reticle 44, and
the diffraction grating 51, or the like, divides the wave front
that is emitted from the reflection pinhole 43 and is spherical
in one direction. The projection optical system 4A shields
the zeroth order light, and allows the first order diffracted
lights top enter the order selection windows 61 to 63, and the
image pickup device 8 obtains interference fringes. The
interference fringes correspond to a differentiation of the
original wave front, and the processor 9 obtains the original
wave front information by providing the Fourier transfor-
mation to the differential wave front information, then
correcting the same, and providing the inverse Fourier
transformation to the result. The aberrational characteristics
of the projection optical system 4A in the view angle are
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measured by switching the diffraction grating 51 using the
switch 7, and similarly measuring the aberration at arbitrary
several points in the view angle of the projection optical
system 4A. This embodiment can easily add an aberration
measuring function to the projection exposure apparatus by
using a reflection mask pattern.

A description will now be given of an aberration correc-
tion method according to one embodiment of the present
invention. The exposure apparatus 10 allows plural optical
elements (not shown) in the projection optical system to
move in the optical-axis direction and/or a direction
orthogonal to the optical-axis direction. By driving one or
more optical elements using the driving system (not shown)
for aberration adjustments based on aberrational information
obtained from the instant embodiment, it is possible to
correct or to optimize one or more aberrations of the
projection optical system, in particular, Seidel’s classifica-
tion of aberrations. The means for adjusting the aberration of
the projection optical system various known systems can be
used, such as a movable lens, a movable mirror (when the
projection optical system is a catadioptric optical system or
a full-mirror optical system), an inclinable parallel plate, a
pressure-controllable space, and a surface correction type
using an actuator.

A description will now be given of an embodiment of a
device manufacturing method using the exposure apparatus
40. FIG. 6 is a flowchart for explaining fabrication of a
device (i.e., semiconductor chips such as ICs and LSIs,
LCDs, CCDs, etc.). Here, a description will be given of a
fabrication of a semiconductor chip as an example. Step 1
(circuit design) designs a semiconductor device circuit. Step
2 (mask fabrication) forms a mask having a designed circuit
pattern. Step 3 (wafer making) manufactures a wafer using
materials such as silicon. Step 4 (wafer process), which is
referred to as a pretreatment, forms actual circuitry on the
wafer through photolithography using the mask and wafer.
Step 5 (assembly), which is also referred to as a post-
treatment, forms into a semiconductor chip the wafer formed
in Step 5 and includes an assembly step (e.g., dicing,
bonding), a packaging step (chip sealing), and the like. Step
6 (inspection) performs various tests for the semiconductor
device made in Step 5, such as a validity test and a durability
test. Through these steps, a semiconductor device is finished
and shipped (Step 7).

FIG. 7 is a detailed flowchart of the wafer process in Step
4 shown in FIG. 6. Step 11 (oxidation) oxidizes the wafer’s
surface. Step 12 (CVD) forms an insulating film on the
wafer’s surface. Step 13 (electrode formation) forms elec-
trodes on the wafer by vapor deposition, and the like. Step
14 (ion implantation) implants ions into the wafer. Step 15
(resist process) applies a photosensitive material onto the
wafer. Step 16 (exposure) uses the exposure apparatus 40 to
expose a circuit pattern on the mask onto the wafer. Step 17
(development) develops the exposed wafer. Step 18 (etch-
ing) etches parts other than a developed resist image. Step 19
(resist stripping) removes unused resist after etching. These
steps are repeated, and multilayer circuit patterns are formed
on the wafer. The manufacturing method of the present
invention can manufacture semiconductor devices, which
have been difficult to manufacture, because the wave front
aberration has been corrected with high precision.

The present invention thus can provide a measuring
method and apparatus for measuring a wave front of a target
optical system in a wide frequency-component range that
covers a higher frequency component than conventional
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ones using shearing interferometry, an exposure method and
apparatus using the present invention, and a device manu-
facturing method.

What is claimed is:

1. A measuring method for measuring a wave front of
light, which has passed through a target optical system, said
method comprising the steps of:

dividing light that passes the target optical system into a

first wave front and a second wave front made by
offsetting the first wave front by a predetermined
amount in a predetermined direction;
obtaining information concerning an interference fringe
using shearing interference with divided light;

calculating a differential wave front between the first
wave front and the second wave front by using the
information concerning the interference fringe obtained
in said obtaining step; and

correcting the differential wave front based on the prede-

termined amount and a wave number in the predeter-
mined direction.

2. A measuring method according to claim 1, wherein said
calculating step includes the step of calculating a two-
dimensional wave number distribution function through a
two-dimensional Fourier transformation to the differential
wave front,

wherein said correcting step includes the step of multi-

plying the two-dimensional wave number distribution
function by a correction coefficient of 1/(2ixsin(aAx/
2)), where Ax is the predetermined amount, o is the
wave number in the predetermined direction, and i is
the imaginary unit, and

wherein said measuring method calculates the wave front

of the target optical system through a two-dimensional
inverse Fourier transformation to the wave number
distribution function multiplied by the correction coef-
ficient.

3. A measuring method according to claim 1, further
comprising the step of varying at least one of the predeter-
mined amount and the predetermined direction.

4. An exposure method comprising the steps of:

calculating a wave front aberration of a target optical

system using a measuring method;

adjusting the target optical system based on the wave front

aberration of the target optical system, which is calcu-
lated in said calculating step; and

exposing an object using the target optical system

adjusted in said adjusting step,

wherein said measuring method measures wave front of

light, which has passed through the target optical
system, said measuring method comprising the steps
of:

(1) dividing light that passes the target optical system into

a first wave front and a second wave front made by
offsetting the first wave front by a predetermined
amount in a predetermined direction;

(ii) obtaining information concerning an interference

fringe using shearing interference with divided light;

(iii) calculating a differential wave front between the first

wave front and the second wave front by using the
information concerning the interference fringe obtained
in said obtaining step; and

(iv) correcting the differential wave front based on the

predetermined amount and a wave number in the
predetermined direction.

5. A measuring apparatus for measuring a wave front of
light, which has passed through a target optical system, said
apparatus comprising:
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a light divider for dividing the light that passes the target
optical system into a first wave front and a second wave
front made by offsetting the first wave front by a
predetermined amount in a predetermined direction;

an obtaining part for obtaining information of an inter-
ference fringe using shearing interference with the light
divided by the light divider;

an operation part for calculating a differential wave front
between the first wave front and the second wave front
by using the information concerning the interference
fringe obtained by the obtaining step, for corrected the
differential wave front based on the predetermined
amount and a wave number in the predetermined
direction, and for calculating the wave front of the
target optical system based on the differential wave
front that has been corrected.

6. A measuring apparatus according to claim 5, wherein
the light divider includes plural exchangeable diffraction
gratings each for dividing the light, the plural diffraction
gratings having different grating constants.

7. A measuring apparatus according to claim 5, wherein
the light divider includes plural exchangeable diffraction
gratings each for dividing the light, the plural diffraction
gratings having different pattern directions.

8. A measuring apparatus according to claim 5, wherein
the light divider is rotatable around an optical axis of the
target optical system.
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9. A measuring apparatus according to claim 5, further
comprising a unit that changes at least one of the predeter-
mined amount and the predetermined direction.

10. An exposure apparatus for exposing a pattern on a
mask onto an object using light, said exposure apparatus
comprising:

a projection optical system for projecting the pattern onto

the object; and

a measuring apparatus according to claim 5 for detecting

a wave front aberration of the projection optical sys-
tem.

11. An exposure apparatus according to claim 10, wherein
the light has a wavelength of 20 nm or less.

12. A device manufacturing method comprising the steps
of:

exposing an object to be exposed using an exposure

apparatus; and

developing the object exposed,

wherein said exposure apparatus includes:

(1) a projection optical system for projecting the pattern

onto the object; and

(i) a measuring apparatus according to claim 5 for

detecting a wave front aberration of the projection
optical system as an interference fringe using the light
and shearing interference.

#* #* #* #* #*
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