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57 ABSTRACT Correspondence Address: ( ) 
U. S. Philips Corporation Aberrations of an imaging system (PL) can be detected in an 
Corporate Patent Counsel accurate and reliable Way by imaging, by means of the 
580 White Plains Road imaging system, a circular phase structure (22) on a photo 
TarrytoWn, NY 10591 (US) resist (PR), developing the resist and scanning it With a 

scanning detection device (SEM) Which is coupled to an 
(73) Assigneei U- 8- PHILIPS CORPORATION image processor (IP). The circular phase structure is imaged 

in a ring structure (25) and each of several possible aberra 
(21) Appl- N95 09/844,122 tions, like coma, astigmatism, three-point aberration, etc. 

_ causes a speci?c change in the shape of the inner contour 
(22) Flled: Apr‘ 27’ 2001 (CI) and the outer contour (CE) of the ring and/or a change 

_ _ in the distance betWeen these contours, so that the aberra 
Related U'S‘ Apphcatlon Data tions can be detected independently of each other. 

(62) Division of application No. 09/407,532, ?led on Sep. The neW method may be used for measuring a projection 
29, 1999, noW Pat. No. 6,248,486. system for a lithographic projection apparatus. 
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TEST OBJECT FOR DETECTING ABERRATIONS 
OF AN OPTICAL IMAGING SYSTEM 

[0001] The invention relates to a method of detecting 
aberrations of an optical imaging system, comprising the 
steps of: 

[0002] arranging a test object in the object plane of 
the system; 

[0003] providing a photoresist layer in the image 
plane of the system; 

[0004] imaging the test object by means of the system 
and an imaging beam; 

[0005] developing the photoresist layer, and 

[0006] detecting the developed image by means of a 
scanning detection device having a resolution Which 
is considerably larger than that of the imaging sys 
tem. 

[0007] The fact that the resolution of the scanning detec 
tion device is considerably larger than that of the imaging 
system means that the detection device alloWs observation 
of details Which are considerably smaller than the details 
that can still be separately imaged by the imaging system. 

[0008] An optical imaging system in the form of a pro 
jection lens system having a large number of lens elements 
is used in photolithographic projection apparatuses Which 
are knoWn as Wafer steppers or as Wafer step-and-scanners. 
Such apparatuses are used, inter alia, for manufacturing 
integrated circuits, or ICs. In a photolithographic projection 
apparatus, a mask pattern present in the mask is imaged a 
large number of times, each time on a different area (IC area) 
of the substrate by means of a projection beam having a 
Wavelength of, for eXample, 365 nm in the UV range, or a 
Wavelength of, for example, 248 nm in the deep UV range, 
and by means of the projection lens system. 

[0009] The method mentioned above is knoWn from the 
opening paragraph of EP-A 0 849 638, relating to a method 
of measuring the comatic aberration of projection lens 
systems in lithographic projection apparatuses. 

[0010] The aim is to integrate an ever-increasing number 
of electronic components in an IC. To realiZe this, it is 
desirable to increase the surface area of an IC and to 
decrease the siZe of the components. For the projection lens 
system, this means that both the image ?eld and the reso 
lution must be increased, so that increasingly smaller details, 
or line Widths, can be imaged in a Well-de?ned Way in an 
increasingly larger image ?eld. This requires a projection 
lens system Which must comply With very stringent quality 
requirements. Despite the great care With Which such a 
projection lens system has been designed and the great 
eXtent of accuracy With Which the system is manufactured, 
such a system may still exhibit aberrations such as spherical 
aberration, coma and astigmatism Which are not admissible 
for the envisaged application. In practice, a lithographic 
projection lens system is thus not an ideal, diffraction 
limited system but an aberration-limited system. Said aber 
rations are dependent on the positions in the image ?eld and 
are an important source of variations of the imaged line 
Widths occurring across the image ?eld. When novel tech 
niques are used to enhance the resolving poWer, or the 
resolution, of a lithographic projection apparatus, such as the 
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use of phase-shifting masks, as described in, for example, 
US. Pat. No. 5,217,831, or When applying an off-axis 
illumination as described in, for example, US. Pat. No. 
5,367,404, the in?uence of the aberrations on the imaged 
line Widths still increases. 

[0011] Moreover, the aberrations are not constant in mod 
ern lithographic projection lens systems. To minimiZe loW 
order aberrations, such as distortion, curvature of the ?eld, 
astigmatism, coma and spherical aberration, these systems 
comprise one or more movable lens elements. The Wave 
length of the projection beam or the height of the mask table 
may be adjustable for the same purpose. When these adjust 
ing facilities are used, other and smaller aberrations are 
introduced. Moreover, since the intensity of the projection 
beam must be as large as possible, lithographic projection 
lens systems are subject to aging so that the eXtent of the 
aberrations may change With respect to time. 

[0012] Based on the considerations described above, there 
is an increasing need for a reliable and accurate method of 
measuring aberrations. 

[0013] It has also been proposed to use for the projection 
beam a beam of eXtreme UV (EUV) radiation, i.e. radiation 
at a Wavelength in the range of several nm to several tens of 
nm. The resolution of the projection lens system can thereby 
be enhanced considerably Without increasing the numerical 
aperture (NA) of the system. Since no suitable lens material 
is available for EUV radiation, a mirror projection system 
instead of a lens projection system must then be used. A 
lithographic mirror projection system is described in, inter 
alia, EP-A 0 779 258. For reasons analogous to those for the 
lens projection system, there is a need for an accurate and 
reliable method of measuring aberrations for this EUV 
mirror projection system as Well. 

[0014] The opening paragraph of said EP-A 0 849 638 
rejects the method in Which the image of a test mask formed 
in the photoresist layer is scanned With a scanning detection 
device in the form of a scanning electron microscope. 
Instead, it is proposed to detect said image With optical 
means. To this end, a test mask having one or more patterns 
of strips Which are alternately radiation-transmissive and 
radiation-obstructive, i.e. an amplitude structure, is used. 
The comatic aberration of a projection system can be 
detected With such a pattern. The detection is based on 
measuring the Widths of the light or dark strips in the image 
formed and/or measuring the asymmetry betWeen the strips 
at the ends of the image of the patterns. 

[0015] It is an object of the present invention to provide a 
method of the type described in the opening paragraph, 
Which is based on a different principle and With Which 
different aberrations can be measured independently of each 
other. This method is characteriZed in that use is made of a 
test object Which comprises at least one closed single ?gure 
having a phase structure, and in that the image of this ?gure 
observed by the scanning detection device is subjected to an 
image analysis in order to ascertain at least one of different 
types of changes of shape in the image of the single ?gure, 
each type of shape change being indicative of a given kind 
of aberration. 

[0016] A single ?gure is understood to mean a ?gure 
having a single contour line Which is closed in itself. The 
contour line is the boundary line betWeen the ?gure and its 
ambience. 
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[0017] The invention is based on the recognition that the 
contour line of a ?gure having a phase structure is not 
imaged in a single line but in a ?rst and a second image line, 
the second image line being located Within the ?rst image 
line, and the distance betWeen the ?rst and the second image 
line is determined by the point spread function, or Airy 
distribution, of the imaging system. In the method according 
to the invention, useful use is thus made of the point spread 
function, or Airy distribution, of the imaging system. If this 
system has given aberrations, given deviations of the ideal 
image occur, such as deviations of the shape of the image 
lines themselves and/or changes of the mutual position of 
the tWo image lines. The novel method thus alloWs detection 
of aberrations Which cannot be detected When using a test 
object in the form of an amplitude, or black-White, structure. 
When using a test object With an amplitude structure, its 
contour line is imaged in a single line. Consequently, only 
the aberrations of the imaging system Which cause devia 
tions of the imaged single contour line can be detected When 
using such a test object, and this even less accurately. When 
using a test object having a phase structure, different aber 
rations occurring simultaneously can be detected separately 
because the effects of the different aberrations remain Well 
distinguishable in the image formed, in other Words, the 
different aberrations do not exhibit any mutual crosstalk. 

[0018] It is to be noted that, in one embodiment described 
in US. Pat. No. 5,754,299, relating to a method and a device 
for measuring an asymmetrical aberration of a lithographic 
projection system, the test object is denoted as phase pattern. 
HoWever, this pattern is not a closed single ?gure, but a 
phase grating, for example, an alignment mark. The image 
formed of this grating has the same appearance as the grating 
itself, i.e. each grating line is imaged in a single line. 
Moreover, for measuring the aberration, an image of the 
grating is formed every time at different focus settings, and 
the detection is based on measuring the asymmetries 
betWeen these images, rather than on detecting changes of 
shape and/or positions in an image itself. 

[0019] The method is further preferably characteriZed in 
that a scanning electron microscope is used as a scanning 
detection device. 

[0020] Such a microscope Which is already frequently 
used in practice has a suf?cient resolution for this applica 
tion. Another and neWer type of scanning detection device is 
the scanning probe microscope Which is available in several 
implementations such as the atomic force microscope 
(AFM) and the scanning optical probe microscope. 
[0021] The method is further preferably also characteriZed 
in that the image analysis method used comprises a Fourier 
analysis. 
[0022] Since the Fourier analysis operates With sine and 
cosine functions, it is eminently suitable to directly analyZe 
the contour lines of the image. 

[0023] The phase structure of the test object may be 
realiZed in various Ways. For example, the single ?gure may 
be constituted by an area in a transparent plate having a 
refractive index Which is different from that of the rest of the 
plate. 
[0024] A preferred embodiment of the novel method is 
characteriZed in that every single ?gure is constituted by an 
area in a plate located at a different height than the rest of 
said plate. 
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[0025] Said area may be countersunk in the plate or 
project from the plate. This plate may be transparent to the 
radiation of the imaging beam, or re?ective. 

[0026] The single ?gure may have various shapes, such as 
the shape of square or of a triangle. Apreferred embodiment 
of the novel method is characteriZed in that said area is 
circularly shaped. 

[0027] The shape of the single ?gure is then optimally 
adapted to the circular symmetry of the imaging system, and 
the image of this ?gure consists of tWo circular image lines. 
A change of the shape and a mutual offset of these image 
lines can be observed easily. Even if a square single ?gure 
is used, the novel method yields good results because the 
image lines of this ?gure formed by the projection system 
are a sufficient approximation of the circular shape. 

[0028] Each single ?gure is preferably further character 
iZed in that the height difference betWeen the area of this 
?gure and the rest of the plate is such that a phase difference 
of 180° is introduced in the imaging beam. 

[0029] For a transmissive, or re?ective, test object, this 
means that the height difference must be of the order of 
k/(2(n2—n1)), or of )t/4n, in which A is the Wavelength of the 
imaging beam, n2 is the refractive index of the material of 
the test object and n1 is the refractive index of the surround 
ing medium. At this height difference, the phase difference 
betWeen the part of the imaging beam originating from the 
area of the single ?gure and the part of the imaging beam 
originating from the surroundings of this area is maximal, 
and the contrast in the image formed is maximal. If the 
diameter of the area is of the order of the Wavelength of the 
imaging beam, or of a larger order, the optimal height 
difference is equal to )t/(2(nz—nl)) or )t/4n. At a smaller 
diameter, polariZation effects must be taken into account, 
and the optimal height difference deviates by several percent 
from the last-mentioned values. 

[0030] In accordance With a further preferred embodi 
ment, the diameter of the area is proportional to >\,/(NA.M), 
in which A is the Wavelength of the imaging beam, NA is the 
numerical aperture of the projection system at the image side 
and M is the magni?cation of this system. 

[0031] The siZe of the test object is then adapted to the 
resolution of the projection system, alloWing measurements 
of aberrations of the smallest images that can be made With 
the projection system. 

[0032] The method may be used, inter alia, for detecting 
aberrations of a projection system in a lithographic appara 
tus intended to image a mask pattern, present in a production 
mask, on a production substrate Which is provided With a 
photoresist layer. This method is further characteriZed in that 
a mask having at least a single ?gure With a phase structure 
is used as a test object, Which mask is arranged at the 
position of a production mask in the projection apparatus, 
and in that a photoresist layer With a support is provided at 
the position of a production substrate. 

[0033] This method provides the advantage that aberra 
tions of the projection system can be detected under cir 
cumstances Which correspond to those for Which this pro 
jection system is intended. The number of single ?gures may 
vary from one to several tens. Since these ?gures are imaged 
at different positions Within the image ?eld of the projection 
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system, insight is obtained into the variations of the aber 
rations across the image ?eld. Since the single ?gures are 
small, they may be provided in the production mask at 
positions outside the details of the mask pattern. 

[0034] HoWever, the method is preferably further charac 
teriZed in that use is made of an empty test mask having at 
least a single ?gure. 

[0035] The test object is noW constituted by a recessed or 
a raised part of a transparent plate of the same material and 
having the same thickness as a production mask, but Without 
a mask pattern or parts thereof, Which plate may be denoted 
as empty test mask. 

[0036] The invention further relates to a system for per 
forming the method described above. The system comprises 
an optical apparatus of Which the imaging system forms part, 
a test object having at least a single ?gure With a phase 
structure, a scanning detection device for scanning at least a 
test object image formed by the imaging system, and an 
image processor, coupled to the scanning projection device, 
for storing and analyZing the observed images, and is 
characteriZed in that the image processor comprises analysis 
means for detecting at least one of different types of changes 
of the shape of said image. 

[0037] The invention also relates to a lithographic projec 
tion apparatus for imaging a mask pattern, present in a mask, 
on a substrate, Which apparatus comprises an illumination 
unit for supplying a projection beam, a mask holder for 
accommodating the mask, a substrate holder for accommo 
dating the substrate, and a projection system arranged 
betWeen the mask holder and the substrate holder, Which 
apparatus is suitable for performing the method described 
above. This apparatus is characteriZed in that, in the imple 
mentation of the method, the projection beam is used as an 
imaging beam, and in that the illumination unit comprises 
means for reducing the diameter of the projection beam 
cross-section for the method to a value Which is smaller than 
the diameter of the projection beam cross-section during 
projection of the mask pattern on the substrate. 

[0038] The invention further relates to a test object for use 
With the method described above. This test object has one or 
more of the characteristic features of the above-mentioned 
embodiments of the method relating to the test object. 

[0039] This test object may further have the characteristic 
features as claimed in claims 12-17. 

[0040] These and other aspects of the invention are appar 
ent from and Will be elucidated, by Way of non-limitative 
eXample, With reference to the embodiments described here 
inafter. 

[0041] 
[0042] FIG. 1 shoWs diagrammatically an embodiment of 
a photolithographic projection apparatus With Which the 
method can be performed; 

[0043] FIG. 2 is a block diagram of the system for 
performing the method; 

[0044] FIG. 3a is a bottom vieW of a test object With a 
single ?gure in the form of a recess; 

In the draWings: 

[0045] FIG. 3b is a cross-section of this test object; 
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[0046] FIG. 4 shoWs the annular image formed of said 
recess; 

[0047] FIG. 5 shoWs the theory of the image formation; 

[0048] FIG. 6 shoWs an annular image Without aberra 
tions; 
[0049] FIG. 7 shoWs an annular image With coma; 

[0050] FIG. 8 shoWs an annular image With astigmatism; 

[0051] FIG. 9 shoWs an annular image With three-point 
aberration; 
[0052] FIG. 10 shoWs the variation of the ring Width of an 
annular image With spherical aberrations for different focus 
settings; 

[0053] 
[0054] FIG. 12 shoWs an annular image picked up under 
the best focus condition; 

[0055] FIG. 13 shoWs the different Fourier terms associ 
ated With this image; 

[0056] FIG. 14 shoWs the variation of a spherical aberra 
tion across the image ?eld of the projection system; 

FIG. 11 shoWs this variation in a graphic form; 

[0057] FIG. 15 shoWs annular images With coma formed 
at different positions in the image ?eld; 

[0058] FIG. 16 shoWs such an image on a larger scale, 
formed at an angle of the image ?eld; 

[0059] FIG. 17 shoWs the different Fourier terms associ 
ated With this image; 

[0060] FIG. 18 shoWs a chart of the coma measured at 21 
positions in the image ?eld; 

[0061] FIG. 19 shoWs annular images With astigmatism 
formed at different positions in the image ?eld; 

[0062] FIG. 20 shoWs such an image on a larger scale, 
formed at an angle of the image ?eld; 

[0063] FIG. 21 shoWs the different Fourier terms associ 
ated With this image; 

[0064] FIG. 22 shoWs a chart of the astigmatism measured 
at 21 positions in the image ?eld; 

[0065] FIG. 23 shoWs the variation of a three-point aber 
ration across the image ?eld of the projection system; 

[0066] FIG. 24 shoWs the in?uence of spherical aberration 
and astigmatism on the measured coma across the image 
?eld; 
[0067] FIG. 25 shoWs the in?uence of spherical aberration 
and coma on the measured astigmatism across the image 

?eld; 
[0068] FIG. 26 shoWs a small part of an embodiment of a 
test mask With a detection mark and a further mark, and 

[0069] FIG. 27 shoWs an embodiment of a lithographic 
projection apparatus With a mirror projection system. 

[0070] FIG. 1 only shoWs diagrammatically the most 
important optical elements of an embodiment of a litho 
graphic apparatus for repetitively imaging a mask pattern on 
a substrate. This apparatus comprises a projection column 
accommodating a projection lens system PL. Arranged 
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above this system is a mask holder MH for accommodating 
a mask MA in Which the mask pattern C, for example, an IC 
pattern to be imaged is provided. The mask holder is present 
in a mask table MT. A substrate table WT is arranged under 
the projection lens system PL in the projection column. This 
substrate table supports the substrate holder WH for accom 
modating a substrate W, for example, a semiconductor 
substrate, also referred to as Wafer. This substrate is provided 
With a radiation-sensitive layer PR, for example a photore 
sist layer, on Which the mask pattern must be imaged a 
number of times, each time in a different IC area Wd. The 
substrate table is movable in the X and Y directions so that, 
after imaging the mask pattern on an IC area, a subsequent 
IC area can be positioned under the mask pattern. 

[0071] The apparatus further comprises an illumination 
system Which is provided With a radiation source LA, for 
example, a krypton-?uoride excimer laser or a mercury 
lamp, a lens system LS, a re?ector RE and a condenser lens 
CO. The projection beam PB supplied by the illumination 
system illuminates the mask pattern C. This pattern is 
imaged by the projection lens system PL on an IC area of the 
substrate W. The illumination system may be implemented 
as described in EP-A 0 658 810. The projection system has, 
for example, a magni?cation M=%, a numerical aperture 
NA=0.6 and a diffraction-limited image ?eld With a diameter 
of 22 mm. 

[0072] The apparatus is further provided With a plurality 
of measuring systems, namely an alignment system for 
aligning the mask MA and the substrate W With respect to 
each other in the XY plane, an interferometer system for 
determining the X and Y positions and the orientation of the 
substrate holder and hence of the substrate, and a focus error 
detection system for determining a deviation betWeen the 
focal or image plane of the projection lens system PL and the 
surface of the photoresist layer PR on the substrate W. These 
measuring systems are parts of servosystems Which com 
prise electronic signal-processing and control circuits and 
drivers, or actuators, With Which the position and orientation 
of the substrate and the focusing can be corrected With 
reference to the signals supplied by the measuring systems. 

[0073] The alignment system uses tWo alignment marks 
M1 and M2 in the mask MA, denoted in the top right part of 
FIG. 1. These marks preferably consist of diffraction grat 
ings but may be alternatively constituted by other marks 
such as squares or strips Which are optically different from 
their surroundings. The alignment marks are preferably 
tWo-dimensional, ie they extend in tWo mutually perpen 
dicular directions, the X and Y directions in FIG. 1. The 
substrate W has at least tWo alignment marks, preferably 
also tWo-dimensional diffraction gratings, tWo of Which, P1 
and P2, are shoWn in FIG. 1. The marks P1 and P2 are located 
outside the area of the substrate W Where the images of the 
pattern C must be formed. The grating marks P1 and P2 are 
preferably implemented as phase gratings, and the grating 
marks M1 and M2 are preferably implemented as amplitude 
gratings. The alignment system may be a double alignment 
system in Which tWo alignment beams b and b‘ are used for 
imaging the substrate alignment mark P2 and the mask 
alignment mark M2, or the substrate alignment mark P1 and 
the mask alignment mark M1 on each other. After they have 
passed the alignment system, the alignment beams are 
received by a radiation-sensitive detector 13, or 13‘, Which 
converts the relevant beam into an electric signal Which is 
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indicative of the extent to Which the substrate marks are 
aligned With respect to the mask marks, and thus the 
substrate is aligned With respect to the mask. A double 
alignment system is described in US. Pat. No. 4,778,275 
Which is referred to for further details of this system. 

[0074] For an accurate determination of the X and Y 
positions of the substrate, a lithographic apparatus is pro 
vided With a multi-axis interferometer system Which is 
diagrammatically shoWn by Way of the block IF in FIG. 1. 
A tWo-axis interferometer system is described in US. Pat. 
No. 4,251,160, and a three-axis system is described in US. 
Pat. No. 4,737,823. A ?ve-axis interferometer system is 
described in EP-A 0 498 499, With Which both the displace 
ments of the substrate along the X and Y axes and the 
rotation about the Z axis and the tilts about the X and Y axes 
can be measured very accurately. 

[0075] A step-and-scan lithographic apparatus does not 
only comprise a substrate interferometer system but also a 
mask interferometer system. 

[0076] As is diagrammatically shoWn in FIG. 1, the output 
signal Si of the interferometer system and the signals S13 and 
S13‘ of the alignment system are applied to a signal-process 
ing unit SPU, for example, a microcomputer Which pro 
cesses said signals to control signals SAC for an actuator AC 
With Which the substrate holder is moved, via the substrate 
table WT, in the XY plane. 

[0077] The projection apparatus further comprises a focus 
error detection device, not shoWn in FIG. 1, for detecting a 
deviation betWeen the focal plane and the projection lens 
system PL and the plane of the photoresist layer PR. Such a 
deviation may be corrected by moving, for example, the lens 
system and the substrate With respect to each other in the Z 
direction or by moving one or more lens elements of the 
projection lens system in the Z direction. Such a detection 
device Which may be secured, for example, to the projection 
lens system, is described in US. Pat. No. 4,356,392. A 
detection device With Which both a focus error and a local tilt 
of the substrate can be detected is described in US-A 
5,191,200. 

[0078] Very stringent requirements are imposed on the 
projection lens system. Details having a line Width of, for 
example 0.35 pm or smaller should still be sharply imaged 
With this system, so that the system must have a relatively 
large NA, for example, 0.6. Moreover, this system must have 
a relatively large, Well-corrected image ?eld, for example, 
With a diameter of 23 mm. To be able to comply With these 
stringent requirements, the projection lens system comprises 
a large number, for example, tens of lens elements, and the 
lens elements must be made very accurately and the system 
must be assembled very accurately. A good control of the 
projection system is then indispensable, both for determin 
ing Whether the system is suf?ciently free from aberrations 
and is suitable to be built into the projection apparatus, and 
to be able to ascertain Whether aberrations may as yet occur 
due to all kinds of causes so that measures can be taken to 

compensate for these aberrations. 

[0079] For detecting the aberrations, the projection appa 
ratus itself may be used as a part of a measuring system for 
performing a detection method. In accordance With this 
method, a test mask having a given test pattern is arranged 
in the mask holder, and this test pattern is imaged in the 
















