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DEVICE AND METHOD FOR THE 
DETERMINATION OF IMAGING ERRORS 
AND MICROLITHOGRAPHY PROJECTION 

EXPOSURE SYSTEM 

0001. This is a continuation of application Ser. No. 
11/038,519 filed on Jan. 21, 2005, which is based on German 
patent Application No. 10 2004 004 249.7. The entire disclo 
sures of the prior applications, application Ser. Nos. 11/038, 
519 and 10 2004 004 249.7, are hereby incorporated by ref. 
CCC. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. The invention relates to a device and to a method for 
the determination of imaging errors of an optical imaging 
system using a radiation-Superposition measuring technique 
which operates with lateral phase offset, for example an inter 
ferometric wavefront measuring technique or a Moiré mea 
Suring technique, the device having an optical element to be 
arranged on the object side of the imaging system, having a 
first periodic structure on the object side with a predetermined 
periodicity direction, an optical element to be arranged on the 
image side of the imaging system, having a second periodic 
structure on the image side with a periodicity direction cor 
responding to the first periodic structure, the image of the first 
periodic structure together with the second periodic structure 
forming an interference or superposition pattern, and a detec 
torto detect the interference or Superposition pattern, as well 
as to a microlithography projection exposure system 
equipped with such a device. The term object side is here 
generally intended to mean the region in the beam path pre 
ceding the optical imaging system in question, i.e. the speci 
men, and the term image side is likewise used to denote the 
entire region in the beam path after the specimen. 
0004 2. Description of the Related Art 
0005 Such devices and methods for image error measure 
ment are widely known. One application is to determine the 
imaging errors of high-precision imaging systems, such as 
those used in microlithography projection exposure systems 
for the structuring of semiconductor devices. In interferomet 
ric wavefront measuring techniques, the detector is usually 
positioned in a plane, conjugate with the pupil plane of the 
imaging system, in the light path behind the image plane of 
the optical imaging system. In the Moiré measuring tech 
nique, conversely, the detector is positioned in the image 
plane of the imaging system, or the image plane is projected 
onto the detector surface by means of suitable optical ele 
ments, for example imaging optics or faceplates. When work 
ing with coherent illumination, the detector may also be 
placed in a Talbot plane behind the image plane. 
0006 U.S. Pat. No. 5,991,004 describes a device for defo 
cus determination, which can be used to maintain the posi 
tioning of a wafer stage at the focal distance of a microlithog 
raphy projection objective. To that end, a Moiré Superposition 
pattern is generated by projecting a first Moiré grating onto a 
second Moiré grating. The second grating is preferably tilted 
relative to the plane into which the first grating is projected by 
the objective, so that only one part of the second grating at a 
time lies at the focus of the objective. A two-dimensional 
CCD array is used in order to record the Moiré pattern. It 
detects the movement of rings in the Moiré pattern when the 
focal plane is shifted, and in particular their movement fre 
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quency with respect to the columns of pixels in the CCD 
array. The movement frequency is then evaluated, for 
example by means of a fast Fourier transform (FFT), in order 
to determine the centre of the Moiré pattern and its move 
ment, which is used as a measure of the defocusing. 
0007. A wavefront measuring device as disclosed in 
Patent specification DE 101 09 929A1, (corresponding to US 
2002/0001088A1) which is integrated in a component 
together with the imaging system to be measured, has an 
illumination mask on the object side and, on the image side, a 
diffraction grating as well as a detector having a two-dimen 
sional CCD array, which is read out for the image error 
determination. In order to measure the image errors, the grat 
ing on the image side is successively shifted laterally accord 
ing to a shear interferometry technique. The phase value 
calculation and the wavefront reconstruction, as well as the 
Subsequent calculation of the aberration coefficients, are car 
ried out in a suitable evaluation computer. The speed of the 
measurement is crucially determined by the integration and 
readout times of the detector, the number of phase steps and 
the computation time for determining the phase and recon 
structing the wavefront. 
0008 U.S. Pat. No. 4,659,917 describes a device for focus 
determination having a plurality of sensorrows. Using a beam 
splitter, the device divides the exit pupil of an optical imaging 
system into a multiplicity of exit pupils, the image-generating 
light rays of which produce a multiplicity of image intensity 
distributions. The sensor rows respectively comprise a mul 
tiplicity of sensors and are arranged at the positions of the 
image intensity distributions. The sensors deliver output sig 
nals corresponding to the intensity distributions, and these are 
used to detect the relative position of the image intensity 
distributions so as to determine the focal position, i.e. the 
image plane position, of the optical imaging system. 
0009 U.S. Pat. No. 4,518,854 describes a wavefront sen 
Sor which combines features of a wavefront sensor operating 
by shear interferometry with features of a Hartmann wave 
front sensor. Sensor data for measuring the wavefront are 
obtained both according to the shearinterferometry technique 
and according to the Hartmann pupil splitting principle. The 
sensor data determined according to the two principles are 
combined by long-term averaging, which is intended to 
increase the sensitivity of the wavefront measurement. 

SUMMARY OF THE INVENTION 

0010. It is an object of the invention to provide a device 
and a method of the type mentioned in the introduction, which 
allow at least one focus and/or astigmatism determination of 
an optical imaging system, and if needbean adjustment of the 
image plane position, in a relatively short time and with a 
relatively low cost. It is also an object to provide a microli 
thography projection exposure system equipped therewith. 
0011. In a first aspect, the invention achieves this object by 
providing a device for the determination of imaging errors of 
an optical imaging system using a radiation-Superposition 
measuring technique which operates with lateral phase offset, 
comprising: an optical element to be arranged on the object 
side of the imaging system, having a first periodic structure on 
the object side with a predetermined periodicity direction, an 
optical element to be arranged on the image side of the imag 
ing system, having a second periodic structure on the image 
side with a periodicity direction corresponding to the first 
periodic structure, an image of the first periodic structure 
together with the second periodic structure forming an inter 
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ference or Superposition pattern, and a detector to detect the 
interference or superposition pattern. In this device the first 
and/or second periodic structure contains at least three peri 
odic substructures, which are arranged offset relative to one 
another by a predetermined phase offset in the periodicity 
direction. The detector has a plurality of detector elements 
and the number of detector elements is matched to the number 
of substructures and/or each detector element has a number of 
detector surfaces adapted for a predetermined aberration 
determination, in particular a focus and/or astigmatism deter 
mination. 

0012. The mutual offset of the periodic substructures 
makes it possible to produce a lateral phase offset through the 
spatial arrangement of a plurality of periodic structures next 
to one another, instead of by chronologically Successive dis 
placement of a single periodic structure. This makes it pos 
sible to take measurements with different phase relations 
chronologically in parallel instead of sequentially, which 
saves time during the measurement. It also avoids measure 
ment inaccuracies which may occur during lateral displace 
ment of the periodic structure. 
0013 Short measurement times can also be achieved, in 
particular, by matching the number of detector elements to the 
number of Substructures, i.e. only as many detector elements 
or detector Surfaces are provided as are minimally necessary 
for evaluating the interference/superposition pattern for the 
relevant measurement task. If, for example, each detector 
element has only a minimum required number of detector 
surfaces matched to a focus and/or astigmatism determina 
tion, then Such an element can be evaluated comparatively 
quickly. 
0014. One refinement of the invention provides a detector 
element on the detector for each periodic substructure. In the 
case of a shear interferometry wavefront measuring tech 
nique, each detector element has at least two detector Surfaces 
arranged mutually offset in the periodicity direction, and at 
least one detector surface in the case of a Moiré measuring 
technique. The restriction to a few detector Surfaces, in par 
ticular two of them, and the concomitant low spatial resolu 
tion of the detector element is sufficient for certain measure 
ment tasks, for example in order to determine defocus and/or 
astigmatism. 
0015. In wavefront measuring techniques to determine the 
gradient of the wavefront at a point of the pupil, for instance, 
it is typically necessary to evaluate at least three detector 
elements each having two detector Surfaces, the detector ele 
ments being placed so that they are assigned to three different 
periodic Substructures and one detector Surface of each detec 
tor element is respectively assigned to a common position in 
the pupil. For this pupil position, interference signals are 
therefore available for three different phase relations between 
the periodic structure on the object side and the periodic 
structure on the image side. Since the gradient of the wave 
front in the event of a defocus has an approximately linear 
profile in the shear direction, i.e. in the periodicity direction, 
with the shear interferometry technique the gradient of the 
wavefront is needed for at least two points in the pupil which 
are mutually offset in the shear direction in order to determine 
the defocusing. Determination of the defocus by shear inter 
ferometric wavefront measuring therefore requires three 
detector elements, corresponding to the number of periodic 
Substructures, each having at least two detector Surfaces, cor 
responding to the number of pupil positions. The wavefront 
profile in the shear direction can be approximated by higher 
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order polynomials by using more detector Surfaces. This 
makes it possible to distinguish whether the defocusing is due 
to changes in the object distance or in the image distance, in 
order to compensate suitably therefor. 
0016. In one refinement of the invention, a row of CCDs 
aligned in the periodicity direction of the periodic structures, 
a row of diodes or a quadrant sensor arrangement is used as 
the detector. It is thus possible to employ known components 
in the design of the detector, so that it can be produced 
inexpensively. 
0017. In one refinement of the invention the relative phase 
offset, i.e. to within integer multiples, is one fourth of the 
period length of the periodic structures. When four corre 
spondingly offset periodic structures are used, it is possible to 
employ known evaluation algorithms, e.g. Fourier transform, 
with an advantageously low computation load. 
0018. In one refinement of the invention, it is designed to 
determine the Petzval surface position and, to that end, it has 
at least three first and three second periodic structures posi 
tioned at different locations not lying on a line in an illumi 
nation field. It is then possible to determine the Petzval Sur 
face position from three measurements of the focal position at 
non-collinear points. The Petzval surface position can be 
found more precisely if more than three measurements are 
carried out with more than three periodic structures. 
0019. In a second aspect the invention provides a device 
for the determination of imaging errors of an optical imaging 
system using a Moiré measuring technique, comprising: an 
optical element to be arranged on the object side of the imag 
ing system, having a first periodic structure on the object side 
with a predetermined periodicity direction, an optical ele 
ment to be arranged on the image side of the imaging system, 
having a second periodic structure on the image side with a 
periodicity direction corresponding to the first periodic struc 
ture, an image of the first periodic structure together with the 
second periodic structure forming a Superposition pattern, 
and a detector to detect the superposition pattern. The first and 
second periodic structures are Moiré structures which are 
designed to produce a fringe pattern of the Superposition 
pattern, the fringe pattern naturally having a longer period 
than the Superposition pattern on which it is based. A Suitably 
configured detector records the Superposition pattern at least 
at three locations which are phase-offset relative to the fringe 
pattern. The fact that the period of the fringe pattern is in 
general significantly longer than that of the Superposition 
pattern facilitates the choice and arrangement of Suitable 
detector surfaces. It should be understood that the device 
according to the first aspect of the invention as mentioned 
above may also have the features of the device according to 
this second aspect of the invention. 
0020. In one refinement of the invention, the device is 
designed to measure imaging errors with a measurement 
speed of up to several kilohertz. Defocus and astigmatism, in 
particular, can consequently be determined by this device 
with a measurement speed in the range of 1 kHz or more. 
0021. In one refinement of the invention, the interferomet 
ric wavefront measurement or Moiré distortion measurement 
is carried out with the aid of illuminating radiation which is 
also employed by the optical imaging system in normal imag 
ing operation. If need be, this allows a measurement to be 
carried out during the normal imaging operation. When it is 
used in a microlithography projection exposure system, for 
example, a projection objective thereof can be measured dur 
ing exposure operation by providing the first periodic struc 
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ture on the object side, for example on a reticle, and the 
second periodic structure at a Suitable position on the image 
side, for example in the image plane of the projection objec 
tive. 

0022. In one refinement of the invention, the detector is 
designed to detect the interference or Superposition pattern in 
animage plane or a Talbot plane of the optical imaging system 
or behind the image plane with the interposition of imaging 
optics or a faceplate. 
0023. One device refined according to the invention is 
Suitable for determining an image positioning error both in 
the Z direction, i.e. parallel to the beam path or the optical axis 
of the optical imaging system, and also in an Xy direction 
perpendicular to this, and thereby to constitute an XyZ image 
position sensor. In addition or as an alternative, it furthermore 
makes it possible to determine a tilt of the image plane relative 
to the object plane of the optical imaging system. 
0024. In a refinement of the invention, the device is 
designed to determine imaging errors which are due to lens 
heating effects, ambient changes such as changes in the tem 
perature, the moisture content and/or an air pressure or flush 
ing gas pressure, refractive index changes of an immersion 
medium being used, movements and drift effects of manipu 
lators of the imaging system and/or wavelength changes and/ 
or polarization changes of the imaging radiation being used. 
To that end, if need be, the device may be designed as a pure 
diagnostic tool to ascertain the imaging errors caused by this, 
or it may furthermore contain a control loop to compensate 
for Such imaging errors. 
0025. In one refinement of the invention, the device is 
Supplemented with a control loop to control the relative posi 
tion of the object and image planes for the optical imaging 
system. With an appropriately high measurement speed and 
depending on the embodiment, for example, the image posi 
tion and/or the object position in the X and/or y direction 
and/or the image distance and/or the object distance in the Z 
direction and/or a relative tilt of the image plane and the 
object plane for the optical image imaging system can be 
controlled rapidly enough, for example, in order to counteract 
any degradation of the imaging properties due to inaccurate 
focusing. If need be, the control loop allows rapid in situ 
compensation for imaging errors which are due to a wide 
variety of factors such as lens heating effects, ambient 
changes (for example changes in the temperature, the mois 
ture content and/oran air pressure or flushing gas pressure), a 
change in the refractive index of an immersion medium (for 
example due to changes in its temperature or composition), 
movements and drift effects of manipulators of optical com 
ponents of the imaging system, movements and drift effects 
of a reticle stage and/or a wafer stage in the case of lithogra 
phy projection exposure systems, changes in the wavelength 
and/or the polarization of the radiation being used. These 
influencing factors typically affect theastigmatism and focus 
of imaging systems, in particular, and this effect can be deter 
mined very reliably and with relatively straightforward 
means by the device according to the invention. 
0026. In another configuration of the invention, in order to 
correct errors which have been found, the control loop has an 
appropriate compensating action on manipulators of the 
imaging system, which may in particular be manipulators for 
adjusting optical components such as lenses in one, two or 
three spatial directions, manipulators for adjusting a reticle 
stage and/or a wafer stage, pressure manipulators for adjust 
ing an (ambient) pressure such as an air pressure or flushing 
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gas pressure, and/or manipulators for changing the refractive 
index of the immersion liquid. 
0027. At this point, it should be explicitly mentioned that 
the determination of image positioning errors by the corre 
sponding XyZ image position sensor and the position control 
by the control loop are suitable both for the static case, in 
which the setpoint position of the image plane relative to the 
object plane is constant over time, and for the dynamic case in 
which the relative setpoint position of the image plane and 
object plane varies in a predetermined way as a function of 
time. For example, the latter situation is encountered in wafer 
scanners in which a lateral relative shift of the image plane 
and object plane is carried out with a predeterminable, typi 
cally constant speed during a scanning process. 
0028. In still another aspect the invention provides a 
microlithography projection exposure system including a 
device according to any of the first and second aspects of the 
invention mentioned above, for the image error measurement 
of a projection objective of the projection exposure system, 
which has additional imaging optics for imaging the first 
periodic structure onto the second periodic structure. In Such 
a system, for example, the Petzval Surface position and/or the 
image plane position can be determined in real time during 
the exposure operation with the aid of the imaging error 
determination device, and can be adjusted if required. 
0029. The method according to the invention makes it 
possible, as required, to determine the Z defocusing and/or the 
Xy positioning error of the image plane relative to the object 
plane. 
0030. In a refinement of the invention, the method makes 

it possible to compensate for imaging errors which have been 
determined, such as Z defocusing and/or the Xy positioning 
eO. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0031 Preferred embodiments of the invention are repre 
sented in the drawings and will be described below. 
0032 FIG. 1 shows a schematic side view of a part, essen 

tial to the invention, of a wavefront measuring device for focal 
position determination with a two-surface detector element, 
0033 FIG. 2 shows a schematic plan view of the two 
surface detector element in FIG. 1, 
0034 FIGS. 3a and 3b respectively show a plan view of a 

first periodic structure having four periodic Substructures and 
a second periodic structure in the X direction for a wavefront 
measuring device to determine the focus with phase shifting 
in the X direction, 
0035 FIG. 4 shows a schematic plan view of a detector 
with four detector elements, respectively having two detector 
Surfaces arranged next to each other in the X direction, for use 
in combination with the periodic structures in FIGS. 3a and 
3b, 
0036 FIGS. 5a and 5b respectively show a plan view of a 

first periodic structure having four periodic Substructures and 
a second periodic structure for a wavefront measuring device 
to determine the focus with phase shifting in they direction, 
0037 FIG. 6 shows a schematic plan view of a detector 
with four detector elements, respectively having two detector 
Surfaces arranged next to each other in they direction, for use 
in combination with the periodic structures in FIGS. 5a and 
5b, 
0038 FIG. 7 shows a schematic plan view of a detector 
having four quadrant detector elements, 
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0039 FIG. 8 shows a schematic plan view of a detector 
having a row of diodes, respectively with four detector Sur 
faces inside a pupil image, 
0040 FIG. 9 shows a schematic plan view of two optical 
elements with periodic structures, respectively having four 
periodic Substructures, 
0041 FIG. 10 shows a schematic plan view of two optical 
elements having periodic structures for use with the elements 
in FIG. 9, 
0042 FIG. 11 shows a schematic plan view of two detec 

tors, respectively having four two-surface detector elements 
for use with the elements in FIG. 9 and FIG. 10, 
0.043 FIG. 12 shows a schematic side view of a wavefront 
measuring device for determining the focus and/or astigma 
tism of an optical imaging system, 
0044 FIG. 13 shows a schematic perspective side view of 
a wavefront measuring device for determining the Petzval 
Surface of an optical imaging system, 
0045 FIG. 14 shows a schematic perspective side view of 
a wavefront measuring device for determining the Petzval 
Surface of a projection objective of a microlithography pro 
jection exposure system, 
0046 FIG. 15 shows a schematic side view of a device for 
determining the focus and/or astigmatism of an optical imag 
ing system by means of a combined interferometric wave 
front measuring technique and Moiré measuring technique, 
0047 FIG.16 shows a schematic plan view of a first Moiré 
structure and a second Moiré structure, and of a fringe Super 
position pattern generated by them, and 
0048 FIG. 17 shows a schematic perspective side view of 
a variant of the wavefront measuring device in FIG. 13. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

0049 FIGS. 1 and 2 show a part, which is essential to the 
invention, of a relatively simply constructed wavefront mea 
Suring device operating by a shear interferometry technique, 
by which a predeterminable focal position of an optical imag 
ing system (not shown) can be recorded and, for example, 
kept constant on the basis of this. To that end, the device 
comprises a periodic grating 1 to be fitted on the image side, 
for example in an image plane of the optical imaging system, 
and a periodic grating (not shown) to be fitted on the object 
side, for example in an object plane of the optical imaging 
system. A first square detector Surface 2a and a second square 
detector surface 2b of a detector element 3 are arranged next 
to each other with a spacing a along the X direction of an XyZ 
coordinate system indicated in FIGS. 1 and 2. The detector 
Surfaces 2a, 2b respectively constitute an individually addres 
sable pixel of the detector 3, which records the occurring 
intensity as measurement information of the relevant Surface 
region. They may, for example, beformed by rapidly reacting 
and readable photodiode elements. 
0050 FIG. 1 furthermore shows the boundary 4a, 4b of a 
longitudinal section through a light cone, which contains 
peripheral rays of a pupil image of the optical imaging system 
and spans the two detector Surfaces 2a, 2b. Its circular cross 
sectional edge 5 is shown in FIG. 2 and represents the pupil 
image edge. The entire pupil does not need to be illuminated 
in practice, and it is sufficient to illuminate as far as the edges 
of the detector surfaces 2a, 2b. It is therefore possible to adapt 
the shape of the detector element 3 and its distance from the 
grating 1 to the illumination conditions, so that it is even 
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possible to operate with an illumination aperture having 
incomplete pupil illumination. 
0051. The periodic grating on the object side is projected 
using predetermined measuring or illuminating radiation, for 
example by the actual imaging system to be measured, into 
the plane of the grating 1 on the image side and produces a 
Superposition pattern with it. In the periodicity direction, i.e. 
the X direction, one of the two periodic gratings contains at 
least three adjacent Substructures, which are mutually phase 
offset. Correspondingly, at least two other detector elements 
(not shown) of identical structure are arranged so that one 
detector is assigned to each periodic Substructure. 
0052. The detector surfaces 2a, 2b of each detector ele 
ment 3 are each assigned a point in the pupil plane of the 
imaging system, corresponding detector Surfaces of the dif 
ferent detector elements respectively being assigned a com 
mon pupil point. By evaluating the integral intensity values 
obtained for a particular pupil point by respectively assigned 
detector surfaces of the at least three detector elements, it is 
possible to find the derivative of the wavefront in the period 
icity direction for this pupil point. The wavefront derivative is 
determined similarly at a second pupil point. It is possible to 
determine the defocus by knowing the gradient of the wave 
front derivative at two pupil points. A device according to 
FIG. 1 therefore makes it possible to identify changes in the 
focal position, i.e. the image plane position, with a simple and 
fast detector in conjunction with fast evaluation electronics. 
Together with an appropriate focus control loop, it is there 
fore possible to stabilize the focus of an optical imaging 
system in real time during the imaging operation of the imag 
ing System. 
0053 FIG.3a shows a schematic plan view of a first peri 
odic structure 10 having four periodic substructures 10a, 10b, 
10c. 10d for a wavefront measuring device to determine the 
focus with phase shifting in the X direction. FIG. 3a shows a 
corresponding second periodic structure 11 which does not 
have Substructures. In measuring operation, for example, the 
first structure 10 is positioned on the object side and the 
second structure 11 is positioned on the image side of an 
optical imaging system to be measured. As an alternative, it is 
possible to interchange the positions of the first and second 
periodic structures 10, 11 with respect to the optical imaging 
system. The first periodic structure 10 is designed as a line 
grating applied to a Substrate, having four Substructures or 
phase stages 10a, 10b, 10c. 10d of length b in they direction 
which are arranged next to one another and are periodic in the 
X direction with identical period lengths. The substructures 
are respectively shifted relative to one another in the X direc 
tion by one fourth of the period length of the periodic struc 
ture. There is therefore a phase increment of 90° between 
each pair of adjacent substructures 10a, 10b. 10b, 10c; and 
10c. 10d. The second periodic structure 11 as shown in FIG. 
3b is produced as a line grating with a periodicity direction in 
the X direction and does not have any phase stages. 
0054. In measuring operation, the first periodic structure 
10 is projected onto the second 1. So as to produce a Super 
position pattern. Owing to the four phase stages of the peri 
odic structure 10 along the y direction, the Superposition 
pattern has four Superposition Sub-patterns. It should be men 
tioned at this point that, for the sake of simplicity, the term 
Superposition pattern here generally includes any type of 
Superposed radiation, in particular interferograms of inter 
ferometric measuring methods in the strict sense as well as 
Moiré Superposition patterns. 
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0055 An advantageous effect on the evaluation of the 
Superposition pattern is obtained when the period length of 
the second periodic structure 11 is the same as that of the 
image of the first periodic structure 10. The ratio of the period 
lengths of the first and second periodic structures is therefore 
preferably matched to the imaging scale of the imaging sys 
tem. 

0056 FIG. 4 shows a schematic plan view of a detector 50 
for use in combination with the periodic structures in FIGS. 
3a and 3b. The detector 50 has four detector elements 50a, 
50b, 50c, 50d respectively having a first detector surface 13a, 
13b, 13c, 13d and a second detector surface 14a, 14b, 14c, 
14d arranged offset in the X direction relative to the first. The 
structure of the two-surface detector elements therefore cor 
responds to that shown in FIGS. 1 and 2. The four detector 
elements 50a, 50b, 50c, 50d are applied so that they respec 
tively detect one of the four superposition sub-patterns which 
are produced by the four substructures 10a to 10d of the 
periodic structure 10, on the one hand, and the periodic struc 
ture 11 on the other hand. The phase offset in the X direction 
is then determined for each Superposition Sub-pattern in the 
manner described above with reference to FIGS. 1 and 2. 

0057. From the data delivered by the four detector ele 
ments 50a to 50d, the defocus term can be found uniquely by 
means of a conventional phase calculation algorithm, for 
example by Fourier transform. In principle, just three phase 
offset substructures are sufficient for unequivocal determina 
tion of the defocus, but the phase calculation can often be 
carried out particularly advantageously with an even number 
of substructures. 
0058 For the phase calculation, the detector signals may 
be converted into binary values by means of an analog/digital 
converter. Even before this conversion, it is possible to 
increase the processing speed and/or simplify the evaluation 
by suitable interconnection of the detector signals (for 
example addition, Subtraction and/or division). 
0059 FIGS. 5a and 5b respectively show a plan view of a 

first periodic structure 51 having four periodic substructures 
and a second periodic structure 52 for a wavefront measuring 
device to determine the focus with phase shifting in the y 
direction. The periodic structures 51, 52 have a structure 
which corresponds to that of the periodic structures 10, 11 in 
FIGS. 3a and 3b, but they are merely rotated relative to them 
by 90° in the xy plane so that the periodicity direction of the 
structures 51, 52 extends in they direction. 
0060 FIG. 6 shows a schematic plan view of a detector 12 
with four detector elements 12a, 12b, 12c, 12d, respectively 
having two detector Surfaces arranged next to each other in 
the y direction, for use in combination with the periodic 
Structures in FIGS. 5a and 5b. The detector 12 with the 
detector elements 12a, 12b, 12c, 12d corresponds to the 
detector 50 in FIG.4, and is merely rotated relative to it by 90° 
in the xy plane. The above comments about the detector 50 in 
FIG. 4 therefore apply accordingly to the function and effect 
of the detector 12. 
0061 According to the method described above with ref 
erence to FIGS. 3 and 4, the defocus can be determined by the 
detectors shown in FIGS. 5 and 6 when used alternatively or 
in combination. If a defocus measurement with phase shifting 
in the X direction is combined with a defocus measurement 
with phase shifting in they direction, then it is also possible to 
determine the astigmatism. This requires the four gradient 
values of the wavefront derivatives in the X and y directions, 
and generally in two nonparallel directions. 
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0062 FIG. 7 shows a schematic plan view of a detector 15 
with four quadrant detector elements 15a, 15b, 15c, 15d, each 
having four detector surfaces 16a, 16b, 16c. 16d which are 
arranged next to one another in a square on the Xy plane. 
Using the detector 15, on the one hand, it is possible to 
determine the defocus, for example by detecting the Super 
position pattern generated by it from the periodic structures in 
FIG.5 and evaluating the measurement signals of the detector 
surfaces 16b, 16d in order to determine the defocus. In 
another embodiment of the invention, on the other hand, one 
of the two periodic structures being used may have periodic 
substructures, for example offset in the X direction and with a 
periodicity direction in the X direction, the substructures 
being arranged next to one another in the X direction instead 
of in they direction as shown in FIG.3a. The superposition 
pattern of Such a structure on the image side with a structure 
without offset substructures, as shown in FIG. 3b, can be 
evaluated by using the detector surfaces 16a, 16c of the quad 
rant detector 15 which are arranged next to one each in the X 
direction, so that the detector 15 can also determine the defo 
cus in this way. The detector 15 is therefore also suitable for 
the aforementioned determination of astigmatism. 
0063. Instead of the arrangement as shown in FIGS. 3a 
and 5a for the phase-offset substructures lying next to one 
another in the direction perpendicular to the periodic direc 
tion, any other arrangements of the various Substructures in 
the relevant structure plane are possible, for example as a 
matrix arrangement. For example, the four Substructures in 
FIG. 3a or 5a may be arranged in a 2x2 quadrant structure. 
0064 FIG. 8 shows a schematic plan view of a detector 20 
having a row of diodes 21, each with four detector surfaces 
21a, 21b, 21c. 21d inside a respective pupil image 23a, 23b, 
23c, 23d. The shaded detector surfaces 22a, 22b. 22c in the 
transition region between the pupil images 23a to 23d are 
expediently not used for the phase calculation, i.e. the row of 
diodes 21 is divided into four detector elements for the four 
pupil images 23a to 23d, each with four detector surfaces 21a 
to 21d. A defocus measurement can be carried out by means 
of the detector 20 in a similar way to the method described 
above with reference to FIG. 7, with four periodic substruc 
tures being Suitably arranged next to one another in the peri 
odicity direction for this. In order to determine the defocus, 
the wavefront derivative is determined at four pupil points 
assigned to the detector surfaces 21a, 21b, 21c. 21d. The 
measurement accuracy can be increased by using more than 
two pupil points for the defocus determination. 
0065 FIG. 9 shows a plan view of two first square optical 
elements 100, 101, respectively having four periodic sub 
structures 102a to 102d, 103a to 103d to generate phase 
stages, relating to another preferred example of possible peri 
odic structures and detector arrangements. FIG. 10 shows a 
plan view of two second square optical elements 105, 106 
having periodic structures. FIG. 11 shows a plan view of two 
detectors 107 and 108, respectively having four two-surface 
detector elements 109a to 109d, 110a to 110d arranged in the 
square. The periodicity direction of the periodic structures 
shown in the left-hand image portion of FIGS. 9 and 10 points 
in the X direction of an Xy coordinate system indicated in the 
figures, and the periodicity direction of the periodic structures 
shown in the right-hand image portion points in they direc 
tion. The first optical elements 100, 101 are to be arranged on 
the object side, for example, and the second optical elements 
105, 106 are to be arranged on the image side of an optical 
imaging system to be measured. The detector elements 109a 
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to 110d are to be arranged after an image plane in the light 
path, and as shown in FIG. 11 the two detector surfaces of 
each detector element 109a to 110d are respectively arranged 
next to each other in the periodicity direction of the associated 
substructure 102a to 103d. Owing to the two mutually 
orthogonal periodicity directions, the optical elements 100, 
101, 105,106 and detectors 107,108 shown in FIGS.9 to 11 
also make it possible to determine theastigmatism in addition 
to determining the defocus in a single measuring process. 
0.066 FIG. 12 shows a schematic side view of a wavefront 
measuring device for determining the focus and/or astigma 
tism of an optical imaging system30. In order to establish the 
orientation, an XyZ coordinate system is indicated in FIG. 12. 
The device has a mask 31 fitted in the object plane, on which 
a first periodic structure 51 is arranged, for example accord 
ing to FIG.5a. A support device 32 fitted in the image plane 
of the imaging system 30 has a second periodic structure 52, 
for example according to FIG.5b, which is positioned so that 
a Superposition pattern is generated with the image of the first 
periodic structure 10. A plurality of detector elements 12a to 
12d. for example according to the detector 12 in FIG. 6, are 
arranged along the X direction below the Support device 32. 
An evaluation and control unit 35 is connected to the detector 
elements 12a to 12d and to an actuator 34. 
0067. During operation of the device, illuminating radia 
tion 36 is shone onto the mask 31 so that the first periodic 
structure 51 present on the mask 31 is projected onto the 
second periodic structure 52. The Superposition pattern pro 
duced by this is recorded separately for each of the four 
periodic substructures, respectively by one of the four detec 
tor elements 12a to 12d, as indicated by four separate light 
cones 37. The superposition pattern is then evaluated by the 
evaluation and control unit 35, for example in order to deter 
mine the defocus. The unit 35 controls the actuator 34 in order 
to vary the position of the support device 32 in the Z direction 
and thus find the correct focal position. The Superposition 
pattern may be evaluated with a speed in the kHZ range so 
that, if need be, the defocusing can be identified while the 
imaging operation of the optical imaging system is taking 
place and can be corrected by the attached focus regulating 
and focus control unit 53, which employs the signals deliv 
ered by the evaluation and control unit 35 in order to adjust the 
focal plane position. 
0068 FIG. 13 shows a schematic perspective side view of 
a wavefront measuring device for determining the Petzval 
Surface of an optical imaging system 40. When determining 
the Petzval Surface, in particular, a tilt of the image plane 
relative to the object plane of the optical imaging system is 
also determined. A mask holder 41 is arranged in an object 
plane of the imaging system 40, and a working mask structure 
42 to be projected as well as four first periodic structures 43a, 
43b, 43c, 43d are fitted on it. Arranged in an image plane of 
the optical imaging system 40, there is a Support device 47 
having a photosensitive substrate 46, which is to be exposed 
to the working mask structure, and four second periodic struc 
tures 44a, 44b, 44c., 44d outside the region of the substrate 46. 
Four detectors 45a, 45b, 45c. 45d are arranged in a detector 
plane 48, behind the image plane in the light path. 
0069. Each of the first periodic structures 43a, 43b, 43c, 
43d is in this case of the type shown in FIG. 9, for example. 
Correspondingly, the second periodic structures 44a, 44b, 
44c., 44d are for example those according to FIG. 10. With 
active illuminating radiation, the first periodic structures are 
projected onto the second periodic structures and the corre 
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sponding Superposition pattern is recorded by the detectors 
45a, 45b, 45c., 45d., for example of the type according to FIG. 
11. With the aid of these, it is possible to measure the focal 
position at four different places in the illumination field. The 
Petzval surface tilt can be calculated from these four mea 
Surements of the focal position, even during exposure opera 
tion of the optical imaging system, i.e. while the working 
mask structure 42 is being projected onto the Substrate 46. 
The Petzval surface tilt can be determined commensurately 
more accurately when more periodic structures are used for 
the measurement, and can be accordingly adjusted precisely 
if need be. 

0070 FIG. 14 shows a schematic perspective side view of 
a wavefront measuring device for determining the Petzval 
surface of a projection objective 240 of a microlithography 
projection exposure system. The device has a structure Sub 
stantially identical to that in FIG. 13. In a projection objective 
for microlithography, a working mask structure 242 posi 
tioned in an object plane is usually much smaller than a 
substrate 246 to be exposed, typically a wafer. It is therefore 
not possible for first periodic structures 243a to 243d, which 
are provided next to the working mask structure, for example 
on a reticle, to be projected through the projection objective 
240 itself into a region on the image side outside the working 
region of the Substrate 246. In order to measure the image 
plane position, therefore, respective additional imaging 
optics are provided for projecting the first periodic structures 
243a to 243d onto the second periodic structures 244a to 
244d, which are outside the working region of the substrate 
246. For the sake of clarity, only one of these four imaging 
optics 250 is represented by way of example in FIG. 14. 
(0071 FIG. 15 shows a schematic side view of a device for 
determining the focus and/or astigmatism of an optical imag 
ing system 300 by means of a combined interferometric 
wavefront measuring technique and Moiré measuring tech 
nique. Of the optical imaging system 300, a lens 301 on the 
entry side, a lens 302 on the exit side and a pupil plane 303 
with an aperture shutter are shown. A first periodic structure 
(not represented), for example one according to FIG.3a. 5a or 
9, is positioned in an object plane 304, and a second periodic 
structure, for example one according to FIG. 3b, 5b or 10, is 
positioned in an image plane 305. A detector 306 for inter 
ferometric wavefront measurement, for example one accord 
ing to FIG. 4, 5 or 11, is arranged in a plane conjugate with the 
pupil plane 303 and is designed to determine the image plane 
position in the Z direction of an XyZ coordinate system. 
0072 A detector surface 307 of a Moiré detector 308, 
which is designed to determine the image plane position in the 
Xy direction, is arranged in the image plane 305. As an alter 
native, a Moiré detector may be positioned with its detector 
surface behind the image plane 305, in which case the Moiré 
Superposition pattern to be detected is projected onto the 
detector Surface by means of imaging optics or a faceplate. 
With coherent illumination, it is also possible to place the 
detector surface in a Talbot plane behind the image plane 305. 
Any conventional structures of the relevant type may be used 
as the Moiré structures. 

0073. The combination of Moiré and wavefront measure 
ment with a device shown in FIG. 15 therefore makes it 
possible to determine the focal position in all three spatial 
directions (XyZ position determination), i.e. the device func 
tions as an XyZ position sensor. In this example, it is also 
possible to couple to a focus or positioning control loop in 
order to permit XyZ positioning, i.e. adjustment of the image 
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plane position in the X, y and Z directions while the exposure 
operation of the imaging system is taking place. 
0074. Such control is possible both for the static case and 
for the dynamic case. The latter situation includes, for 
example exposure operation in which the object plane 304 is 
moved laterally relative to the image plane 305, typically with 
a constant speed, for example as in a wafer scanner. When this 
is operated, for example, a rectangular part of a mask posi 
tioned in the object plane 304 is illuminated and projected 
onto a corresponding part of a Substrate positioned in the 
image plane 305, the mask and the substrate being displaced 
parallel or antiparallel along a scanning direction (for 
example the X direction) with the selected speed, until the 
entire mask is projected onto the Substrate. A maximally 
constant speed of the relative movement of the object plane 
304 and the image plane 305 is generally desirable in order to 
avoid degradation of the imaging quality. Accurate detection 
and adjustment of the relative speed to a corresponding value 
can be carried out in real time with the Xy Z sensor according 
to the invention and the associated control loop, owing to the 
short response times of these components. 
0075. In general, the sensor system according to the inven 
tion with its associated control loop makes it possible to 
adjust any optical imaging system with respect to imaging 
errors in situ, i.e. during its imaging operation, i.e. to com 
pensate for the imaging errors which are found. The imaging 
errors may in this case have a wide variety of causes, which 
are taken into account as influencing factors by the controller. 
Particular examples of such influencing factors are lens heat 
ing effects, i.e. changes in the optical properties of optical 
components being used in the imaging system, ambient 
changes such as changes in the temperature, the moisture 
content and the pressure (for example an air pressure or 
flushing gas pressure), and in the case of imaging systems 
which operate with immersion, a change in the refractive 
index of the immersion medium, for example due to changes 
in the composition and/or the temperature of the immersion 
medium, movements of manipulators of the imaging system, 
movements and drift effects of a reticle stage or in general of 
an object Support and/or a wafer stage or in generala Substrate 
Support on the image side, and/or changes in the wavelength 
and/or the polarization of the imaging radiation being used. 
When Suitable imaging optics are used in order to project the 
measurement structures, it is possible to record the imaging 
errors without interrupting the imaging operation of the imag 
ing system being monitored, i.e. for example without inter 
rupting the wafer exposure process in the case of a lithogra 
phy projection objective as the monitored system. If the 
measurement structures are projected through the projection 
objective, this may be done during exposure pauses of the 
normal wafer exposure operation. 
0076 Depending on the application, the control may 
affect one or more different manipulators belonging to the 
monitored optical imaging system. These may be, in particu 
lar, the X, y and/or Z manipulators of optical components of 
the imaging system, reticle adjustment manipulators and/or 
pressure changing manipulators, for example to modify an air 
pressure or flushing gas pressure. In this way, for example, the 
astigmatism and focus typically encountered owing to the 
aforementioned influencing factors can be effectively and 
rapidly compensated for in real time during the imaging 
operation of the optical imaging system being monitored. If 
the measurement is carried out using the monitored optical 
imaging system itself, moreover, this has the advantage that it 

Jun. 5, 2008 

is also possible to record its influencing factors and the effect 
of the control can be determined directly. 
0077. As an alternative, the device may also be produced 
as a pure focus sensor diagnostic tool without a control loop, 
in order to determine the imaging error contributions due to 
the various aforementioned influencing factors. 
(0078 FIG.16 shows a schematic plan view of a first Moiré 
structure 400 and a second Moiré structure 401, and of a 
superposition pattern 403 generated by them. Slightly differ 
ent period lengths are selected for the two Moiré structures, so 
that the superposition pattern 403 has a fringe pattern with a 
substantially longer period than the two Moiré structures 400, 
401. The relatively long period of the fringe superposition 
pattern makes it correspondingly easier to place a plurality of 
detector Surfaces, for example at positions next to one another 
in the periodicity direction as denoted by arrows 404, so that 
the positions of the detector surfaces have a defined phase 
offset with respect to the fringe superposition pattern. This 
placement of different detector Surfaces at mutually phase 
shifted positions of the fringe Superposition pattern function 
ally corresponds to the aforementioned arrangement of a 
plurality of mutually phase-shifted periodic substructures 
when forming a Moiré Superposition pattern, and it can there 
fore be used alternatively, for example as the Moiré measur 
ing part in the device of FIG. 15. 
007.9 FIG. 17 shows a variant of the wavefront measuring 
device in FIG. 13, with the same reference numerals being 
selected for functionally corresponding components in order 
to facilitate understanding. The function and properties of the 
device in FIG. 17 substantially correspond to those of FIG. 
13, but differ from them in that the components shown are 
positioned at different places. The four first periodic struc 
tures 43a to 43d are thus provided on a suitable structure 
support 41a, which is positioned in front of the object plane of 
the imaging system 40 and has an opening 41b in order to 
transmit radiation to the working mask structure 42, which is 
arranged in the object plane. On the image side, the Substrate 
46 to be exposed is located on a separate Substrate Support 47a 
in the image plane, while the four second periodic structures 
44a to 44b are positioned on a suitable structure support 49 at 
a Suitable place in front of the image plane. A detector Support 
48a, which carries the four detectors 45a to 45d., is positioned 
in an associated detector plane between this structure Support 
49 on the image side and the substrate support 47a. The 
structure Support 49 on the image side and the detector Sup 
port 48a respectively have a central opening 49a and 48b, in 
order to transmit the exposure radiation emerging from the 
optical imaging system 40 to the Substrate 46 to be exposed. 
0080. The device according to the invention for the deter 
mination of imaging errors of optical imaging systems is also 
Suitable, in particular, for the measurement of projection 
objectives of microlithography projection exposure systems. 
As an alternative to those shown, it is also possible to use 
other detectors which operate with relatively few detector 
Surfaces and thus permit rapid evaluation, for example rows 
of CCDs. For instance, it is possible to evaluate the focal 
position, the astigmatism and/or the Petzval Surface position 
in real time with measuring frequencies of from 30 Hz to a 
few kilohertz. It is also possible to select more than four, for 
example eight or more periodic Substructures as well as a 
different spatial arrangement of these. The periodic gratings 
as shown, which operate in transmission, may likewise be 
replaced by gratings operated in reflection, especially when 
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using illuminating light wavelengths in the EUV range which 
is employed in modern projection exposure systems. 
0081. The above description of the preferred embodi 
ments has been given by way of example. From the disclosure 
given, those skilled in the art will not only understand the 
present invention and its attendant advantages, but will also 
find apparent various changes and modifications to the struc 
tures and methods disclosed. It is sought, therefore, to cover 
all changes and modifications as fall within the spirit and 
Scope of the invention, as defined by the appended claims, and 
equivalents thereof. 
What is claimed is: 
1. A device for the measurement of imaging errors of an 

optical imaging system, the device comprising: 
an optical element arranged on the object side of the imag 

ing system, having a first periodic structure on the object 
side; 

an optical element arranged on the image side of the imag 
ing system, having a second periodic structure on the 
image side; and 

a detector to detect an interference or Superposition pat 
tern; 

wherein the device uses at least one of a radiation-Super 
position measuring technique, which operates with lat 
eral phase offset, and a Moiré measuring technique, 

the interference or Superposition pattern is formed by an 
image of the first periodic structure together with the 
second periodic structure, or by an image of the second 
periodic structure together with the first periodic struc 
ture, and the device measures the imaging errors with a 
measurement speed of at least about 1 kHz. 

2. A device for the measurement of imaging errors of an 
optical imaging system, the device comprising: 

an optical element arranged on the object side of the imag 
ing system, having a first periodic structure on the object 
side; 

an optical element arranged on the image side of the imag 
ing system, having a second periodic structure on the 
image side; and 

a detector to detect an interference or Superposition pat 
tern; 

wherein the device uses at least one of a radiation-Super 
position measuring technique, which operates with lat 
eral phase offset, and a Moiré measuring technique, 

the interference or Superposition pattern is formed by an 
image of the first periodic structure together with the 
second periodic structure, or by an image of the second 
periodic structure together with the first periodic struc 
ture, and 

the device measures a Petzval Surface tilt during an expo 
Sure operation of the optical imaging system. 

3. A device for the measurement of imaging errors of an 
optical imaging system, the device comprising: 

an optical element arranged on the object side of the imag 
ing system, having a first periodic structure on the object 
side; 

an optical element arranged on the image side of the imag 
ing system, having a second periodic structure on the 
image side; and 

a detector to detect an interference or Superposition pat 
tern; 

wherein the device uses at least one of a radiation-Super 
position measuring technique, which operates with lat 
eral phase offset, and a Moiré measuring technique, 
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the interference or Superposition pattern is formed by an 
image of the first periodic structure together with the 
second periodic structure, or by an image of the second 
periodic structure together with the first periodic struc 
ture, and 

the device measures a Petzval surface tilt by a time-re 
Solved measurement. 

4. The device according to claim 1, 2, or 3, further com 
prising a control loop to compensate for one or more imaging 
errors which have been measured. 

5. The device according to claim 4, wherein the control 
loop controls at least one of the image distance in the Z 
direction, the object distance in the Z direction, the image 
position in the Xy direction, the object position in the Xy 
direction, a relative tilt of the image plane, and a relative tilt of 
the object plane for the optical image imaging system as a 
function of an output signal of the detector. 

6. The device according to claim 4, wherein the control 
loop acts on at least one manipulator of the optical imaging 
system, the at least one manipulator being selected from the 
group which comprises at least one manipulator for adjusting 
one or more optical components respectively in one, two or 
three spatial directions, at least one manipulator for adjusting 
an object Support, a manipulator for adjusting an image Sup 
port, a manipulator for adjusting an ambient pressure and a 
manipulator for changing the refractive index of an immer 
sion liquid. 

7. A method for measuring imaging errors of an optical 
imaging system, the method comprising: 

using at least one of a radiation-Superposition measuring 
technique, which operates with lateral phase offset, and 
a Moiré measuring technique; and 

evaluating an interference or Superposition pattern which is 
generated by the measuring technique; 

wherein the imaging errors are measured with a measure 
ment speed of at least about 1 kHz. 

8. A method for measuring imaging errors of an optical 
imaging system, the method comprising: 

using at least one of a radiation-Superposition measuring 
technique, which operates with lateral phase offset, and 
a Moiré measuring technique; 

evaluating an interference or Superposition pattern which is 
generated by the measuring technique; and 

measuring a Petzval Surface tilt during an exposure opera 
tion of the optical imaging system. 

9. A method for measuring imaging errors of an optical 
imaging system, the method comprising: 

using at least one of a radiation-Superposition measuring 
technique, which operates with lateral phase offset, and 
a Moiré measuring technique; 

evaluating an interference or Superposition pattern which is 
generated by the measuring technique; and 

measuring a Petzval Surface tilt by a time-resolved mea 
Surement. 

10. A device for the measurement of imaging errors of an 
optical imaging system, the device comprising: 

at least one of a radiation-Superposition measuring device, 
which operates with lateral phase offset, and a Moiré 
measuring device, 

wherein the device measures the imaging errors with a 
measurement speed of at least about 1 kHz. 

11. A device for the measurement of imaging errors of an 
optical imaging system, the device comprising: 
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at least one of a radiation-Superposition measuring device, at least one of a radiation-Superposition measuring device, 
which operates with lateral phase offset, and a Moiré which operates with lateral phase offset, and a Moiré 
measuring device, measuring device, 

wherein the device measures a Petzval surface tilt during an wherein the device measures a Petzval surface tilt by a 
exposure operation of the optical imaging system. time-resolved measurement. 

12. A device for the measurement of imaging errors of an 
optical imaging system, the device comprising: ck 


