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(57) ABSTRACT

A projection exposure system (10) includes: a mask holding
device (14), a substrate holding device (36), projection
optics (26) imaging the mask structures (20) onto the
substrate (30) during an exposure process, and a measure-
ment structure (48) disposed in a defined position with
respect to a reference element (16) of the projection expo-
sure system, which defined position is mechanically
uncoupled from the position of the mask holding device. The
projection exposure system also includes a detector (52)
arranged to record an image of the measurement structure
imaged by the projection optics. During operation of the
system, the imaging of the mask structures and of the
measurement structure takes place at the same time by the
projection optics. An evaluation device (54) establishes a
lateral position of the image of the measurement structure in
the area of the detector during the exposure process.
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PROJECTION EXPOSURE SYSTEM FOR
MICROLITHOGRAPHY WITH A
MEASUREMENT DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a Continuation of U.S. patent
application Ser. No. 15/639,722, filed Jun. 30, 2017, and
scheduled to issue on Aug. 7, 2018, as U.S. Pat. No.
10,042,271, which is a Continuation of U.S. patent appli-
cation Ser. No. 14/679,221, filed Apr. 6, 2015, now U.S. Pat.
No. 9,696,639, which is a Continuation of U.S. patent
application Ser. No. 12/838,393, filed Jul. 16, 2010, now
U.S. Pat. No. 9,001,304, which is a Continuation of Inter-
national Application PCT/EP2009/000006, with an interna-
tional filing date of Jan. 2, 2009, which was published under
PCT Article 21(2) in English, and which claims priority of
German Patent Application No. 10 2008 004 762.7, filed
Jan. 16, 2008, as well as of U.S. Provisional Application No.
61/011,313 filed Jan. 16, 2008. The disclosures of these U.S.
Non-Provisional Applications, this International Applica-
tion, this German Patent Application and this U.S. Provi-
sional Application are incorporated into the present Con-
tinuation Application in their respective entireties by
reference.

FIELD OF THE INVENTION

[0002] The invention relates to a projection exposure
system for microlithography. This type of projection expo-
sure system normally has a mask holding device in the form
of a mask table or a so-called “reticle stage” for holding a
mask or a so-called “reticle” with mask structures disposed
on the latter. Furthermore, this type of projection exposure
system normally comprises a substrate holding device in the
form of a so-called “wafer stage” for holding a substrate in
the form of a wafer and projection optics for imaging the
mask structures onto the substrate.

BACKGROUND

[0003] With conventional projection exposure systems the
quality of the image often suffers due to smearing. If the
image position drifts over the wafer during exposure of a
field, the latent image becomes smeared in the photoresist.
This has the effect of superimposition errors or so-called
“overlay” errors in the printed structures. These smearing
problems occur to a particularly large extent with EUV
projection exposure systems. EUV projection exposure sys-
tems expose structures with light with a wavelength in the
extreme ultraviolet wavelength range, e.g. with a wave-
length of 13.5 nm. In the roadmap of the semiconductor
industry optical lithography plays an essential role in EUV.
Only mirrors are considered here as optical components.
With mirror optics a change in the position of the mirror
and/or the mirror tilt setting leads as a first approximation to
movement of the image. The requirements for mechanical
stability of the optical components are substantially more
stringent in comparison with refractive systems.

[0004] With conventional projection exposure systems the
field position during the exposure of a wafer is monitored a
number of times with appropriate adjustment or so-called
“alignment” sensors, and corresponding correction mea-
sures are introduced. For this purpose the actual exposure
process of the photoresist is interrupted. Between the control
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measurements one trusts in the short-term stability of the
projection system. Conventional systems have relatively
high short-term stability in comparison with EUV systems.
The stability requirements for the image position when
updating the conventional concept of image position control
leads to an increase in the mechanical stability requirement
in the image position of 1 nm with conventional systems to
0.2 nm with EUV systems over a period of 5 minutes. A
main contribution to errors in the stability of the mirror
positions is the thermal expansion of the mechanical base
structure of the objective. In order to fulfill the stringent
requirements set regarding image stability, one is currently
following the path of using materials with extremely low
thermal expansion coefficients for the structure of the pro-
jection objective. However, this type of material is
extremely cost-intensive, sensitive and difficult to process.

SUMMARY

[0005] It is an object of the invention to solve the afore-
mentioned problems, and in particular to provide a projec-
tion exposure system wherein smearing of the latent image
in the photoresist is largely prevented.

[0006] This and other objects can be achieved according to
one aspect of the invention with a projection exposure
system for microlithography which comprises: a mask hold-
ing device for holding a mask with mask structures disposed
on the latter, a substrate holding device for holding a
substrate, projection optics for imaging the mask structures
onto the substrate during an exposure process, a measure-
ment structure which is disposed in a defined position with
respect to a reference element of the projection exposure
system, which defined position is mechanically uncoupled
from the position of the mask holding device, a detector
arranged for recording an image of the measurement struc-
ture produced by imaging of the latter using the projection
optics, the projection exposure system being configured
such that during operation of the projection exposure system
the imaging of the mask structures onto the substrate and the
imaging of the measurement structure onto the detector take
place at the same time, i.e. simultaneously or contempora-
neously, i.e., at least partly overlapping in time, respectively
with the projection optics. The projection exposure system
further comprises an evaluation device which is configured
to establish a lateral position of the image of the measure-
ment structure in the area of the detector during the exposure
process.

[0007] Furthermore, according to another aspect of the
invention, a method for monitoring the lateral imaging
stability of a projection exposure system for microlithogra-
phy is provided. The method according to the invention
comprises: holding a mask with mask structures disposed on
the latter using a mask holding device which is movably
mounted in relation to a reference element of the projection
exposure system, a measurement structure being disposed in
a defined position with respect to a reference element of the
projection exposure system, which defined position is
mechanically uncoupled from the position of the mask
holding device, imaging the mask structures onto a substrate
in an exposure process and imaging the measurement struc-
ture the area of a detector, the imaging of the mask structures
and the imaging of the measurement structure respectively
taking place at the same time with projection optics of the
projection exposure system, recording the image of the
measurement structure with the detector, and establishing a
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lateral position of the image of the measurement structure in
the area of the detector during the exposure process.
[0008] According to another aspect of the invention, a
projection exposure system is provided with a measurement
device designed to establish the lateral position of the image
of the measurement structure in the area of the detector, in
particular on the recording surface of the detector, which is
advantageously a level surface. This measurement device
preferably comprises the measurement structure, the detec-
tor and the evaluation device. The measurement device is
therefore designed to monitor the lateral imaging stability of
the projection exposure system, according to one embodi-
ment the lateral imaging stability of the projection optics,
during the exposure process.

[0009] The lateral position is established during the expo-
sure process, i.e. at the same time as the exposure process of
imaging the mask structures onto the substrate takes place,
preferably several times in the course of the exposure
process. According to one embodiment the term “exposure
process” in this context refers to the exposure of only one
field on the substrate which is performed in case of a step
and scan exposure system in a continuous exposure, during
which the mask and the substrate are scanned continuously.
According to another embodiment the term “exposure pro-
cess” refers to an exposure, which comprises several field
exposures on a substrate, in particular the exposure of the
entire substrate.

[0010] For this purpose the imaging of the mask structures
and of the measurement structures is performed simultane-
ously or contemporaneously with the projection optics. The
lateral position is understood as being the position of the
image laterally to the propagation direction of the radiation
producing the image in the area of the detector. In particular,
the lateral position is the position of the image in a plane
parallel to or coincident with the recording surface of the
detector. If the optical beam imaging the measurement
structure strikes the recording surface directly after passing
through the projection optics, i.e. without being deflected,
the lateral position of the image of the measurement struc-
ture is the position of the image in a plane lateral to the
optical axis of the projection optics.

[0011] The reference element, with respect to which the
measurement structure is disposed in a defined position can
e.g. be a reference frame of a mask table or a so-called
“reticle stage”. Further possible reference elements will be
described later. The mask holding device is mounted mov-
ably in relation to this type of reference frame. This applies
both to the case where the projection exposure system is in
the form of a so-called “stepper” and in the case where the
projection exposure system is designed as a so-called “scan-
ner”. With the embodiment as a “stepper”, before exposing
a field the mask holding device is moved in relation to the
reference frame to the optimal alignment of the mask during
exposure. With a “scanner”, during exposure process of the
respective field the mask holding device is additionally
moved in relation to the reference frame and so in relation
to the projection optics.

[0012] The defined position, in which the measurement
structure is disposed with respect to the reference element
can be obtained by continuous measurement of the distance
between the measurement structure and the reference ele-
ment or by fixing the measurement structure rigidly to the
reference element, as will be described in more detail later.
As mentioned above, the defined position is mechanically
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uncoupled from the position of the mask holding device.
That means that the measurement structure is not coupled to
the mask holding device. Therefore its position does not
move with the position of the mask holding device. In
particular, the measurement structure is not attached to the
mask holding device and is not contained on the mask itself.
The measurement structure is rather independent in its
position from the mask holding device, in particular the
mask holding device is movable with respect to the mea-
surement structure.

[0013] As already stated, according to an aspect of the
invention, a detector is provided for recording an image of
the measurement structure produced by imaging with the
projection optics in the area of the detector. Advantageously,
this detector is independent of the substrate type. Therefore,
the detector also functions if no substrate, e.g. in the form of
a wafer, has been inserted into the substrate holding device.
According to one embodiment the detector is in the form of
an electro-optical detector which converts optical signals
into electrical signals.

[0014] The optical path of the image of the measurement
structure produced on the detector advantageously has a
clearly producible correlation to the optical path of the mask
structures imaged on the substrate and is representative of
the mechanical movement of the components of the projec-
tion exposure system. Therefore, the lateral position of the
image of the mask structures produced on the substrate can
be established with a high degree of accuracy from the
lateral position of the image of the measurement structure.
For this purpose, if appropriate, the movement of the sub-
strate holding device relative to the detector during the
exposure process can be taken into consideration, as
described in more detail later. As already stated above,
according to this aspect of the invention, the detector is
disposed such that during operation of the projection expo-
sure system the imaging of the mask structures onto the
substrate and the imaging of the measurement structure onto
the detector take place at the same time respectively using
the projection optics.

[0015] Advantageously, the imaging of the mask struc-
tures onto the substrate is unaffected here by the imaging of
the measurement structures onto the detector. Since the
respective imaging of the mask structures and of the mea-
surement structure take place at the same time, it is possible
to correct the lateral position of the imaging while imaging
the mask structures. Advantageously the projection exposure
system is set up to correct the position of the lateral position
of the image during the exposure process with the lateral
position of the image of the measurement structure estab-
lished by the evaluation device.

[0016] Aspects of the invention are based upon the insight
that the smearing of the latent image in the photoresist
observed with conventional projection exposure systems is
caused to a substantial degree by a drift in the image position
during exposure of a field on the substrate. By providing,
according to one aspect of the invention, a measurement
structure and an associated detector, the arrangement of the
latter such that during operation of the projection exposure
system the respective imaging of the mask structures and of
the measurement structure takes place at the same time, and
establishing the lateral position of the image, it is made
possible to make a correction to the imaging characteristics
during the mask structure imaging process.
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[0017] The above-specified object may further be
achieved with a projection exposure system for microlithog-
raphy comprising: projection optics for imaging a mask onto
a substrate during an exposure process, a measurement
structure disposed in a fixed position in relation to the
projection optics, a detector for recording an image of the
measurement structure produced by imaging with the pro-
jection optics, and an evaluation device which is configured
to establish a lateral position of the image of the measure-
ment structure during the exposure process. In this context,
disposing the measurement structure in a fixed position in
relation to the projection optics does not necessarily mean
absolutely rigid positioning of the elements in relation to one
another, but rather that the measurement structure is not
actively movable in relation to the projection optics. On the
other hand, the measurement structure can by all means be
separated from the projection optics by vibration isolation.

[0018] According to an embodiment of the invention, the
projection exposure system is configured such that the
measurement structure is imaged by the projection optics
directly onto the detector, i.e. no optics other that the
projection optics is arranged between the measurement
structure and the detector.

[0019] According to a further embodiment of the inven-
tion, the detector is disposed in a defined position with
respect to a detector related reference element. The defined
position, in which the detector structure is disposed with
respect to the detector related reference element can be
obtained by continuous measurement of the distance
between the measurement structure and the detector related
reference element or by fixing the measurement structure
rigidly to the detector related reference element.

[0020] According to a further embodiment of the inven-
tion, the first reference element, now referred to as mea-
surement structure related reference element, and the detec-
tor related reference element are fixed to a common
reference structure. That means the reference elements are
respectively attached in a fixed position at the common
reference structure.

[0021] According to a further embodiment of the inven-
tion, the first reference element, now referred to as mea-
surement structure related reference element, and the detec-
tor related reference element are identical, i.e. the same
element.

[0022] According to a further embodiment of the inven-
tion, the mask holding device is mounted movably in
relation to the measurement structure related reference ele-
ment of the projection exposure system.

[0023] According to a further embodiment of the inven-
tion, the substrate holding device is mounted movably in
relation to the detector related reference element.

[0024] According to a further embodiment of the inven-
tion, the measurement structure and/or the detector are fixed
rigidly to the associated reference element. That means the
measurement structure is attached in a fixed position to the
first reference element and/or the detector structure is
attached in a fixed position to the detector related reference
element. The fixation can be performed with a rigid con-
nection element or by direct fixation at the respective
reference element. Accordingly, the defined position of the
measurement structure with respect to the first reference
element and/or the detector with respect to the detector
related reference element is obtained.
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[0025] According to a further embodiment of the inven-
tion, the projection exposure system comprises a distance
sensor configured to obtain the respective defined position of
the measurement structure and/or the detector by measuring
its distance from the associated reference element. That
means a distance sensor is provided for measuring the
distance between the measurement structure and the first
reference element in order to obtain the defined position of
the measurement structure. If applicable, a further distance
sensor measures the distance between the detector and the
detector related reference element in order to obtain the
defined position of the detector.

[0026] According to a further embodiment of the inven-
tion, the measurement structure and/or the detector are
attached to the projection optics, also referred to as projec-
tion objective, in a respective fixed position and a distance
sensor is arranged to measure the distance between the
projection optics and at least one reference element, espe-
cially to the first reference element. Accordingly, the defined
position of the measurement structure and or the detector
from the respective reference element is obtained. As men-
tioned above the measurement structure related reference
element and the detector related reference element can be
combined as a single reference element. In this case the
distance between the projection optics and the single refer-
ence element is measured.

[0027] According to a further embodiment of the inven-
tion, the measurement structure and/or the detector are
attached to the projection optics in a respective fixed posi-
tion and the distance sensor comprises two sensor modules,
a first one arranged in order to measure the distance between
the measurement structure and the measurement structure
related reference element and a second one arranged in order
to measure the distance between the detector and the detec-
tor related reference element.

[0028] According to a further embodiment of the inven-
tion, the projection exposure system further comprises stage
sensors configured to monitor the distance between the mask
holding device and the measurement structure related ref-
erence element, as well as the distance between the substrate
holding device and the detector related reference element
during the exposure process, wherein the evaluation device
is configured to evaluate the established lateral position of
the image of the measurement structure and the distances
established by the stage sensors and to establish therefrom a
deviation of the imaging position of a respective mask
structure on the substrate from its target position during the
exposure process.

[0029] According to a further embodiment of the inven-
tion, the reference element is the projection optics, the
measurement structure is attached to the projection optics in
a fixed position and the projection exposure system further
comprises a sensor module, which is configured to measure
the distance between the measurement structure and the
mask holding device during the exposure process. This
sensor module can e.g. be an optical position encoder.

[0030] According to a further embodiment of the inven-
tion, the reference element is the projection optics, the
detector is attached to the projection optics in a fixed
position and the projection exposure system comprises a
second sensor module configured to measure the distance
between the detector and the substrate holding device during
the exposure process.
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[0031] In another embodiment according to the invention,
the evaluation device is configured to establish the lateral
position of the image of the measurement structure produced
in the area of the detector, in particular on the recording
surface of the detector, during the exposure process in real
time. Therefore, the evaluation device establishes the lateral
position of the image of the measurement structure at the
time when the measurement structure is produced. In this
way it is possible to immediately correct the imaging
characteristics of the projection exposure system, and in this
way image smearing can be prevented particularly effec-
tively. According to a further embodiment of the invention,
the projection exposure system further comprises a control
device which is configured to manipulate the operation of
the projection exposure system in real time in order to
correct lateral imaging instabilities of the projection expo-
sure system.

[0032] According to a further embodiment of the inven-
tion, the evaluation device is configured to establish a lateral
imaging stability of the projection exposure system during
the exposure process using the established lateral position of
the image of the measurement structure and the projection
exposure system further comprises a control device config-
ured to manipulate the operation of the projection exposure
system during the exposure process such that lateral imaging
instabilities of the projection exposure system established by
the evaluation device are corrected. Thereby lateral image
shifts occurring on the substrate during the exposure process
can be corrected.

[0033] According to a further embodiment of the inven-
tion, the projection optics comprise a positioning device
configured to change the position of an optical element of
the projection optics. The positioning device can also be
referred to as actuator. The position to be changed by the
positioning device can be the location of the optical element
in the coordinate system or the tilt of the optical element
with respect to the optical axis of the projection optics.

[0034] According to a further embodiment of the inven-
tion, the positioning device is arranged between the optical
element and a counter mass to the optical element, which
counter mass is arranged via a spring element to a frame
element of the projection optics. In this manner, movements
of the optical element do not impact the stability of other
optical elements in the projection optics.

[0035] According to a further embodiment of the inven-
tion, the control device is configured to modity the position
of the mask holding device and/or the position of the
substrate holding device during the exposure process in
order to correct the lateral imaging instabilities. In a case, in
which the projection exposure system is configured as a step
and scan system, also referred to as scanner, the control
device modifies the scanning movement of the mask holding
device and/or the substrate holding device such, that the
lateral imaging instabilities are corrected for.

[0036] According to a further embodiment of the inven-
tion, the substrate holding device comprises a base part, an
adjustment part configured for holding the substrate and an
actuator arranged to move the adjustment part with respect
to the base part during the exposure process in order to
correct lateral imaging instabilities. Advantageously, the
adjustment part is lighter in weight compared to the base
part. Position adjustments to the adjustment part can thereby
be performed very quickly.
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[0037] According to a further embodiment of the inven-
tion, the projection exposure system further comprises a
pulsed radiation source providing illumination radiation for
imaging the mask structures onto the substrate, wherein the
control device is configured to trigger the radiation source
based on the lateral imaging stability over time established
by the evaluation device such that a radiation pulse is
generated at a point in time, at which the lateral position of
the image of the mask structures is within a predetermined
tolerance with respect to a target position.

[0038] In a further embodiment according to the inven-
tion, the evaluation device is configured to identify a change
to the lateral position of the image of the measurement
structure occurring over the temporal progression of the
exposure process from the position of the image of the
measurement structure in the area of the detector, in par-
ticular on the detector, established in real time, and further-
more the projection exposure system has a positioning
device which is configured to change the position of at least
one element of the projection exposure system, in particular
the mask holding device, the substrate holding device and/or
an optical element of the projection optics in order to correct
the lateral position of the image of the measurement struc-
ture on the detector. The positioning device can concertedly
act upon a number of elements of the projection optics. As
already indicated above, in the case where the projection
exposure system is in the form of a so-called “scanner”, the
correction to the position of the mask holding device or of
the substrate holding device can include a correction to the
movement sequence implemented during imaging of a field
of the mask holding device or the substrate holding device.
The lateral position of the image of the measurement struc-
ture can also be corrected by changing the position or the
location of an optical element of the projection optics, such
as for example of an individual mirror in the projection
optics or by the coordinated movement of a number of
mirrors. The aim of the correction measures to the position-
ing device is to keep the lateral position of the image of the
measurement structure on the detector constant during the
exposure process, and so to prevent a deviation of the lateral
position of the image of the mask structures on the substrate
from its lateral desired position during the exposure process.

[0039] According to a further embodiment of the inven-
tion, the projection exposure system further comprises a
control device which is configured to control the positioning
device such that the position of the at least one element of
the projection exposure system is corrected in real time
resulting in the lateral position of the image of the measure-
ment structure on the detector to remain stable during the
exposure process. A correction in real time means that the
correction is performed at the same time as the deviation of
the lateral position of the image of the measurement struc-
ture is detected.

[0040] In a further embodiment according to the inven-
tion, the projection exposure system is configured to image
the mask structures with light in the EUV and/or higher
frequency wavelength range onto the substrate. In other
words, the projection exposure system is designed as an
EUV exposure system which is operated with an exposure
wavelength in the extreme ultraviolet wavelength range of
e.g. 13.5 nm. As already mentioned at the start, the projec-
tion optics of an EUV projection exposure system is gen-
erally made up purely of reflective optical elements. Since a
change to the position of this type of reflective optical






