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(57) ABSTRACT 
A microlithographic projection exposure apparatus includes 
a projection lens that is con?gured for immersion operation. 
For this purpose an immersion liquid is introduced into an 
immersion space that is located between a last lens of the 
projection lens on the image side and a photosensitive layer 
to be exposed. To reduce ?uctuations of refractive index 
resulting from temperature gradients occurring Within the 
immersion liquid, the projection exposure apparatus 
includes heat transfer elements that heat or cool partial 
volumes of the immersion liquid so as to achieve an at least 
substantially homogenous or at least substantially rotation 
ally symmetric temperature distribution Within the immer 
sion liquid. 



Patent Application Publication Mar. 29, 2007 Sheet 1 0f 10 US 2007/0070316 A1 

1 



Patent Application Publication Mar. 29, 2007 Sheet 2 0f 10 US 2007/0070316 A1 



NF 

.... 

W 

US 2007/0070316 A1 

3 

Patent Application Publication Mar. 29, 2007 Sheet 3 0f 10 



Patent Application Publication Mar. 29, 2007 Sheet 4 0f 10 US 2007/0070316 A1 

NS Yd .......... : 

am.» An“ wMM .‘ m\\~\\\\\\\\ \ i. 
‘m N M 

a...“ 2 N. i W 

3/ 



Patent Application Publication Mar. 29, 2007 Sheet 5 0f 10 US 2007/0070316 A1 



Patent Application Publication Mar. 29, 2007 Sheet 6 0f 10 US 2007/0070316 A1 

\ whiiir .m 

3 

. .. 4r 
4 r. i 

z klziiizxi: .. I \liiiii 

w 



Patent Application Publication Mar. 29, 2007 Sheet 7 0f 10 US 2007/0070316 A1 

.liSiFw 

xvi. 

Mv" 

x 

W 

e 



US 2007/0070316 A1 

54 

Patent Application Publication Mar. 29, 2007 Sheet 8 0f 10 



US 2007/0070316 A1 

Eli-It; 

30 

Patent Application Publication Mar. 29, 2007 Sheet 9 0f 10 



Patent Application Publication Mar. 29, 2007 Sheet 10 0f 10 US 2007/0070316 A1 

...... .i 

5 

W M W m M W M W 
M. m M W V“ M M‘ 

i 



US 2007/0070316 A1 

MICROLITHOGRAPHIC PROJECTION 
EXPOSURE APPARATUS AND MEASURING 

DEVICE FOR A PROJECTION LENS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a continuation-in-part of International 
Patent Application PCT/EP2005/ 000246, Which Was ?led on 
Jan. 13, 2005 and claims bene?t of US provisional applica 
tion Ser. No. 60/537,784 ?led Jan. 20, 2004. The full 
disclosure of these earlier applications is incorporated herein 
by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The invention relates to microlithographic projec 
tion exposure apparatuses as used for manufacturing highly 
integrated electrical circuits and other microstructured com 
ponents. In particular, the invention relates to projection 
exposure apparatuses con?gured for immersion operation. 
The invention further provides measuring devices for deter 
mining the imaging properties of projection lenses. 

[0004] 2. Description of Related Art 

[0005] Integrated electrical circuits and other microstruc 
tured components are usually manufactured by applying a 
plurality of structured layers to a suitable substrate, Which 
may be, for example, a silicon Wafer. To structure the layers, 
they are ?rst covered With a photoresist that is sensitive to 
light of a given Wavelength range, e.g. light in the deep 
ultraviolet (DUV) spectral range. The coated Wafer is then 
exposed in a projection exposure apparatus. A pattern com 
posed of structures located on a mask is imaged on the 
photoresist by means of a projection lens. Because the 
imaging scale is generally less than 1:1, such projection 
lenses are frequently referred to as reduction lenses. 

[0006] After the photoresist has been developed the 
Wafer is subjected to an etching or deposition process 
Whereby the uppermost layer is structured according to 
the pattern on the mask. The remaining photoresist is 
then removed from the remaining parts of the layer. 
This process is repeated until all the layers have been 
applied to the Wafer. 

[0007] One of the primary design objectives in the devel 
opment of projection exposure apparatuses is to be able to 
lithographically de?ne structures of increasingly small 
dimensions. Small structures lead to high integration den 
sities, Which generally have a favourable effect on the 
e?iciency of microstructured components manufactured 
using such apparatuses. 

[0008] The siZe of the de?nable structures depends, above 
all, on the resolution of the projection lens used. Because the 
resolution of projection lenses improves as the Wavelength 
of the projection light becomes shorter, one approach to 
decrease the resolution is to use projection light having 
shorter and shorter Wavelengths. The shortest Wavelengths 
currently used are 193 nm and 157 nm, i.e. in the deep 
ultraviolet (DUV) spectral range. 

[0009] Another approach to decrease the resolution is 
based on the concept of introducing an immersion liquid 
having a high refractive index into the space located 
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betWeen a last lens of the projection lens on the image side 
and the photoresist or another photosensitive layer to be 
exposed. Projection lenses, Which are designed for immer 
sion operation and are therefore also referred to as immer 
sion lenses, can attain numerical apertures of greater than 1, 
eg 1.3 or 1.4. HoWever, immersion not only makes possible 
high numerical apertures and therefore an improved resolu 
tion, but also has a favorable effect on depth of focus. The 
greater the depth of focus, the less high are the demands for 
precise positioning of the Wafer in the image plane of the 
projection lens. 

[0010] A projection exposure apparatus designed for 
immersion operation is knoWn from US. Pat. No. 4,346, 
164A. To accommodate a Wafer, this knoWn projection 
exposure apparatus has an upWardly open container With an 
upper edge that is located higher than the loWer boundary 
face of the last lens of the projection lens on the image side. 
Inlet and outlet pipes for an immersion liquid open into the 
container. These pipes are connected to a pump, a tempera 
ture-stabiliZing device and a ?lter for cleaning the immer 
sion liquid. During operation of the projection exposure 
apparatus, the immersion liquid is circulated in a loop. An 
immersion space located betWeen the loWer boundary face 
of the last lens of the projection lens on the image side and 
the semiconductor slice to be exposed remains ?lled the 
immersion liquid. 

[0011] A projection exposure apparatus having an immer 
sion arrangement is also knoWn from WO 99/49504. In this 
projection exposure apparatus the supply and discharge 
pipes for the immersion liquid open directly onto the loWer 
boundary face of the last lens of the projection lens on the 
image side. The use, in particular, of a plurality of such 
supply and discharge pipes, Which may be arranged, for 
example, in a ring around the last lens on the image side, 
makes it possible to dispense With a surrounding container. 
This is because immersion liquid is sucked aWay as it runs 
off laterally and is fed back in such a Way that the immersion 
space betWeen the last lens on the image side and the 
photosensitive surface alWays remains ?lled With immersion 
liquid. 
[0012] A di?iculty With the immersion operation of pro 
jection exposure apparatuses is to keep the optical charac 
teristics of the immersion liquid constant, at least Where the 
liquid is exposed to the projection light. Special attention 
must be paid to the absorption and the refractive index of the 
immersion liquid. Local ?uctuations in the absorption, as 
can be produced, for example, by impurities, lead to undes 
ired intensity ?uctuations in the image plane. As a result. line 
Width ?uctuations may occur even if the imaging is other 
Wise free of substantial aberrations. 

[0013] Local ?uctuations in the refractive index of the 
immersion liquid have an especially detrimental effect, since 
such ?uctuations directly impair the imaging characteristics 
of the projection exposure apparatus. If the refractive index 
of the immersion liquid is inhomogeneous Within the vol 
ume of the immersion liquid exposed to the projection light, 
this causes distortions of the Wave fronts passing through the 
immersion space. For example, points in the object plane of 
the projection lens may no longer be imaged sharply on the 
image plane. 

[0014] The refractive index of liquids is dependent on 
their density. Because liquids are virtually incompressible, 
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their density is practically independent of static pressure and 
depends almost exclusively on the temperature of the liq 
uids. For this reason, the immersion liquid inside the immer 
sion space that is exposed to the projection light can have a 
homogeneous refractive index only if the temperature of the 
immersion liquid is constant therein. Moreover, temperature 
?uctuations Within the immersion liquid not only cause 
?uctuations of refractive index, but can also cause adjacent 
optical elements, in particular the last optical element of the 
projection lens on the image side, to be heated unevenly and 
therefore to be deformed in a manner that can hardly be 
corrected. 

[0015] The causes that give rise to inhomogeneities of the 
temperature in the immersion space are diverse. A major 
cause for heating the immersion liquid is the absorption of 
projection light by the immersion liquid. Even if only a 
small percentage of the projection light is absorbed by the 
immersion liquid, this causes a comparatively high heat 
input because of the short-Wave and therefore energy-rich 
projection light. An effect Which leads to cooling of the 
immersion liquid is the evaporation of immersion liquid at 
the boundary surface to a surrounding gas. In addition, the 
temperature of the immersion liquid is in?uenced by heat 
transitions from and to surrounding solid bodies. These 
bodies may be, for example, a heated last lens of the 
projection lens, its housing or the Wafer to be exposed. 

[0016] To homogeniZe the temperature, it has been pro 
posed hitherto to circulate the immersion liquid in a circuit 
and to establish a desired reference temperature by means of 
a temperature-stabilizing device. HoWever, the homogeni 
Zation of temperature distribution that can be achieved in 
this Way is frequently not su?icient. Relatively high ?oW 
velocities, Which may lead to disturbing vibrations, are 
usually required. In addition, high ?oW velocities promote 
the formation of gas bubbles Which can also adversely affect 
the imaging properties. 

[0017] Moreover, similar di?iculties also arise in measur 
ing devices With Which the imaging characteristics of such 
projection lenses can be determined. If immersion lenses 
having numerical apertures of greater than 1 are to be 
measured, it is also necessary to introduce an immersion 
liquid into an immersion space located betWeen the last 
optical element of the projection lens on the image side and 
a test optics component of the measuring device. Because of 
the extremely high demands on the measuring accuracy of 
such devices, inhomogeneities of refractive index Within the 
immersion liquid cannot be tolerated. 

SUMMARY OF THE INVENTION 

[0018] It is therefore the object of the invention to improve 
a projection exposure apparatus, and a measuring device for 
the optical measurement of projection lenses, such that 
imaging defects resulting from inhomogeneities of the 
refractive index Within the immersion liquid are reduced. 

[0019] This object is achieved in that the projection expo 
sure apparatus and the measuring device include a heat 
transfer element With Which the temperature can be changed 
in a speci?ed manner in a partial volume of the immersion 
space. 

[0020] The invention is based on the discovery that a 
desired temperature distribution Within the immersion space 
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can be attained if heat is supplied to or extracted from the 
immersion liquid in a spatially speci?ed manner. It is knoWn 
in general Where and to What degree heat is transferred into 
the immersion liquid or dissipated therefrom to surrounding 
media. If these causes of temperature ?uctuations are care 
fully analyZed, it is possible to determine the temperature 
distribution Which the immersion liquid inside the volume of 
the immersion space through Which projection light passes 
can be expected to have, if no additional measures are taken 
to change the temperature distribution. On the basis of the 
anticipated temperature distribution it can then be deter 
mined at Which locations heat must be supplied or extracted 
so that the desired temperature distribution is established. In 
general, the aim is to achieve a homogenous temperature 
distribution. HoWever, consideration may also be given to 
establishing a temperature distribution Which, although 
inhomogeneous, has a certain symmetry. For example, With 
a rotationally symmetrical temperature distribution the 
immersion liquid Would not be free from refractive poWer 
but could have the effect of an index lens. 

[0021] Because of the local heating or cooling of the 
immersion liquid according to the invention, continuous 
circulation of the immersion liquid in a circuit including a 
temperature-stabilizing arrangement may be dispensed With, 
if desired. In this Way vibrations produced by the circulation 
of the immersion liquid are avoided, as is particularly 
advantageous in the case of measuring devices. If the 
immersion liquid is not to be completely exchanged at 
regular intervals, consideration may be given to a discon 
tinuous circulation. This means that the immersion liquid is 
circulated by means of a pump, While being cleaned and 
optionally additionally cooled or heated, only during expo 
sure or measuring pauses. With regard to the avoidance of 
vibration, such discontinuous circulation may be advanta 
geously used even independently of the heat transfer ele 
ment according to the invention. 

[0022] If a homogeneous temperature distribution is 
desired, this Will generally result in the heat transfer ele 
ments being arranged With a symmetry corresponding to that 
of the immersion space. Rotationally symmetrical arrange 
ments of the heat transfer elements are therefore preferred. 
In the case of slit-shaped light ?elds, as are projected onto 
the Wafer With projection exposure apparatuses designed for 
scanning operation, for example, the heat transfer elements 
may also be arranged differently, e.g. corresponding to the 
geometry of the light ?elds. 

[0023] As a heat transfer element, any body that is suited 
to exchanging heat With the immersion liquid by Way of 
thermal conduction or radiation is in principle possible. 
Depending on Whether heat passes from the heat transfer 
element to the immersion liquid or vice versa, local heating 
or cooling of the immersion liquid occurs. 

[0024] The heat transfer element may be arranged, for 
example, inside the immersion space, so that it comes into 
contact With the immersion liquid during immersion opera 
tion. In the simplest case, the heat transfer element is then an 
electrically heatable heating Wire Which is preferably cov 
ered With an electrically insulating and chemically protec 
tive layer. Such a heating Wire has the advantage that it can 
be given practically any desired shape. As a result, heat can 
be supplied to the immersion liquid at any desired location 
inside the immersion space but outside the volume through 
Which the projection light passes. 
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[0025] Because the projection light generally produces a 
relatively large heat input due to absorption, the heating Wire 
may be arranged, for example, in an annular con?guration 
around the volume through Which projection light passes. 
The calori?c output is then preferably selected such that the 
temperature gradient in the volume through Which projec 
tion light passes is minimized. 

[0026] A still more precisely speci?ed heat input is pos 
sible if, as an additional parameter, the Wire diameter is 
varied. In this Way the calori?c output can also be varied 
along the longitudinal extension of the heating Wire. 

[0027] Instead of an electrically heatable heating Wire, a 
conduit through Which a ?uid heating medium ?oWs, e.g. 
heated or cooled Water, may also be used as a heat transfer 
element. In this case, too, the heating or cooling poWer can 
be varied in the longitudinal direction of the conduit by 
varying the How cross-section. 

[0028] If the immersion liquid is prevented from escaping 
by a Wall laterally bordering the immersion space, the heat 
transfer element may also be arranged in this Wall. Also in 
this case a con?guration of the heat transfer element as an 
electrically heatable heating Wire or a conduit through Which 
a heating medium can How is contemplated. In this Way the 
Wall itself forms, so to speak, a single large heat transfer 
element. 

[0029] For locally cooling the immersion liquid a Peltier 
element may be used as heat transfer element. 

[0030] In an particularly advantageous embodiment, the 
heat transfer element is spaced from the immersion space in 
such a Way that heat can be exchanged betWeen the heat 
transfer element and the partial volume by thermal radiation, 
eg by infrared or microWave radiation. In this case the heat 
transfer element may be, for example, in the form of a 
preferably electrically heatable or coolable planar radiator. 
Heat transfer by radiation has the advantage over heat 
transfer by conduction that no direct physical contact 
betWeen the heat transfer element and the immersion liquid 
is required. The heat transfer element can therefore be 
arranged at a greater distance from the immersion liquid. In 
this embodiment, possible dif?culties arising through the 
installation of heat transfer elements in the narroW immer 
sion space or adjacently thereto are avoided. 

[0031] In order to direct the thermal radiation more selec 
tively from a heat transfer element to the immersion liquid 
in this embodiment, one or more optical elements, for 
example mirrors or lenses, Which change the direction of the 
thermal radiation may be arranged betWeen the heat transfer 
element and the immersion space. By using optical elements 
having positive refractive poWer, thermal radiation can be 
focused in a speci?ed manner into the narroW gap betWeen 
the projection lens and the Wafer and onto the desired partial 
volume of the immersion space. 

[0032] In principle, it is even possible to arrange one or 
more of these optical elements inside the projection lens in 
order to direct thermal radiation onto the desired partial 
volume of the immersion space. It is also possible in this 
case to couple thermal radiation into the beam path of the 
projection lens in such a Way that said thermal radiation exits 
the last lens of the projection lens on the image side 
separately from the projection light. With a suitably selected 
beam path, the thermal radiation heats exclusively a partial 
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volume of the immersion liquid Which surrounds the volume 
through Which the projection light passes, thus reducing the 
temperature gradient at the edge of this volume. It must then 
be ensured only that the thermal radiation has a Wavelength 
to Which the photoresist is insensitive. 

[0033] To measure the temperature in the immersion liq 
uid in a contactless manner, the temperature of a heat 
transfer element may be determined, Wherein the tempera 
ture of the heat transfer element can be changed only by 
exchange of thermal radiation With the immersion liquid. 
Under these conditions, given a knoWn calori?c output and 
temperature of the heat transfer element, conclusions may be 
draWn regarding the temperature of the immersion liquid. To 
measure the temperature of such a heat transfer element, it 
may be connected to a thermal sensor. The latter may in turn 
be in signalling connection to a control device Which regu 
lates the heating or cooling output of the heat transfer 
element. 

[0034] In the case of projection exposure apparatuses 
Which are not operated in scanning mode but step-by-step, 
a Wafer stage, on Which the carrier of the photosensitive 
layer can be ?xed, may be considered as a location for 
mounting a heat transfer element according to the invention. 
In this Way the carrier may be locally heated or cooled from 
beloW. Thus, the temperature of the immersion liquid 
located above the carrier can also be changed by thermal 
conduction. This con?guration also provides a possibility of 
cooling the volume of immersion liquid exposed to the 
projection light. Other cooling measures are in general 
dif?cult because this volume is not easily accessible either 
from above or from the side. 

[0035] According to another aspect of the invention, the 
above-mentioned object is achieved in that an evaporation 
barrier, Which at least partially surrounds the immersion 
space, is arranged on an underside of the projection lens 
facing toWards the photosensitive layer. 

[0036] According to this second aspect of the invention, 
one of the major causes leading to the formation of tem 
perature gradients in the immersion space is largely elimi 
nated. The evaporation barrier prevents immersion liquid 
from evaporating to a large extent into a surrounding gas 
volume. 

[0037] For this purpose the evaporation barrier may 
include, for example, one or more at least approximately 
concentric rings having, for example, a circular or polygonal 
shape, Which are arranged at a distance from one another. In 
this Way the boundary surface to the surrounding gas is 
reduced so that less immersion liquid can evaporate. 

[0038] According to a further aspect of the invention the 
evaporation of immersion liquid is Wholly or at least par 
tially prevented in that an outer chamber surrounding the 
immersion space and in ?uid connection thereWith With can 
be enriched With a vapor phase of the immersion liquid. 

[0039] Through the enrichment of this outer chamber With 
a vapor phase of the immersion liquid the vapor pressure in 
the outer chamber can be increased until hardly any immer 
sion liquid can pass from the liquid phase to the vapor phase. 
In the ideal case, the pressure of the vapor phase in the outer 
chamber is adjusted such that it at least approximately 
equals the saturation vapor pressure of the vapor phase at the 
temperature prevailing in the outer chamber. 
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[0040] In this case, exactly the same amount of immersion 
liquid evaporates at the boundary surface betWeen the 
immersion liquid and the vapor phase as simultaneously 
condenses from the vapor phase. As a result of this equilib 
rium, the temperature of the immersion liquid in proximity 
to the boundary surface remains unchanged. 

[0041] To producing a vapor phase of the immersion 
liquid in the outer chamber, a supply device for introducing 
a vapor phase of the immersion liquid into the outer chamber 
may be provided. 

[0042] The embodiments explained beloW can be advan 
tageously used With all the above aspects of the invention 
and even independently thereof. 

[0043] The feed pipes for the immersion liquid are nor 
mally ?rmly connected, e.g. clamped or press-?tted, to a 
Wall delimiting the immersion space laterally and doWn 
Wardly. This may transfer vibrations from outside to the 
immersion liquid. To avoid such vibrations, in particular 
With measuring devices, an aperture for a pipe leading into 
the immersion space may be provided in such a Wall. The 
dimensions of the aperture are sufficiently larger than the 
external dimensions of the pipe so that immersion liquid can 
enter a gap remaining betWeen the pipe and the Wall, but 
cannot ?oW out of said gap as a result of adhesion forces. 
The adhesion forces therefore effect a seal of the Wall in the 
region of the aperture although the pipe is longitudinally 
displaceable therein. A transmission of vibrations from the 
pipe to the Wall and from there to the immersion liquid is 
considerably reduced by the liquid-?lled gap. 

[0044] In addition, it is advantageous if a detector for 
detecting immersion liquid is provided. In particular With 
projection exposure apparatuses or measuring devices in 
Which the immersion liquid is not delimited laterally by a 
ring or a container, it is frequently necessary to ascertain 
Whether immersion liquid is still present inside the region 
provided therefore or has left this region, eg as a result of 
inertial forces. 

[0045] It may be possible to determine, With the help of 
the detector, Whether immersion liquid leaves a prede?ned 
closed surface. This closed surface is preferably a surface on 
the photosensitive layer immediately beloW the projection 
lens. 

[0046] Such a detector may be realiZed, for example, in 
that tWo substantially parallel conductors, preferably placed 
around the closed surface in the manner of the loop, form a 
capacitor. If immersion liquid enters the space betWeen the 
conductors, this causes an increase in the dielectric constant, 
Whereby the capacitance of the capacitor is increased. This 
increase in capacitance can be detected in a simple manner 
With a suitable measuring circuit, knoWn per se, for mea 
suring capacitance. 

[0047] The embodiments of the invention explained above 
have been explained predominantly With reference to a 
projection exposure apparatus. HoWever, they can be used 
equally advantageously With measuring devices for deter 
mining imaging characteristics, since a measuring assembly 
for measuring a projection lens differs only slightly from a 
projection exposure apparatus. For example, measuring 
devices also include a type of illumination system Which 
generates measuring light and couples it into the projection 
lens. If no photosensitive test layer is exposed during 
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measurement, the immersion space is delimited doWnWardly 
by a test optics component. With a TWyman-Green or FiZeau 
interferometer, for example, this test optics component may 
be a mirror; With a Moire or Shearing interferometer it may 
be a diffraction grating, and With a Hartmann-Shack sensor 
it may be a grid-of-points mask. 

[0048] If an immersion liquid is introduced into the gap 
betWeen the last optical element of the projection lens on the 
image side and such a test optics component, temperature 
stabiliZation of this immersion liquid is also required. 
Because the test optics componentiunlike the Wafer in a 
projection exposure apparatus designed for scanning opera 
tionigenerally does not move Within the image plane, the 
immersion liquid in the immersion space is not mixed as a 
result of such movements, so that still higher temperature 
gradients can develop. On the other hand, some of the 
above-mentioned measures are especially suited to such 
measuring devices, since design dif?culties arising as a 
result of scanning motion do not occur in their case. 

[0049] Such a stationary test optics component delimiting 
the immersion space doWnWardly enables heat to be dissi 
pated in a speci?ed manner via the test optics component. If, 
for example, the test optics component includes a Zone 
Which is at least partially transparent to light and if this Zone 
is at least partially surrounded by another Zone, this other 
Zone may be made of a material Which has higher thermal 
conductivity than the material of Which the light-transparent 
Zone consists. An example is a glass/metal material combi 
nation. The metal surrounding the glass Zone ensures effi 
cient heat dissipation for the immersion liquid located above 
same. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0050] Various features and advantages of the present 
invention may be more readily understood With reference to 
the folloWing detailed description taken in conjunction With 
the accompanying draWing in Which: 

[0051] FIG. 1 shoWs a meridional section through a pro 
jection exposure apparatus according to the invention in a 
greatly simpli?ed representation Which is not to scale; 

[0052] FIG. 2 shoWs an enlarged portion of the projection 
exposure apparatus illustrated in FIG. 1, in Which a heat 
transfer element in the form of a heatable ring recessed in a 
housing of the projection lens on the image side can be seen; 

[0053] FIG. 3 is a perspective representation of an immer 
sion space according to another embodiment of the inven 
tion in Which the heat transfer element is a heating Wire 
arranged inside the immersion space; 

[0054] FIG. 4 shoWs an axial section through the immer 
sion space illustrated in FIG. 3; 

[0055] FIG. 5 is a representation corresponding to FIG. 3 
according to a further embodiment of the invention in Which 
the heat transfer element is integrated in a Wall laterally 
delimiting the immersion space; 

[0056] FIG. 6 is a representation corresponding to FIG. 4 
according to a further embodiment of the invention in Which 
the heat transfer elements are thermal radiators; 

[0057] FIG. 7 is a representation corresponding to FIG. 4 
according to yet another embodiment of the invention in 
Which heat transfer elements are recessed in a Wafer stage 
for ?xing a Wafer; 
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[0058] FIG. 8 is a representation corresponding to FIG. 4 
according to another aspect of the invention in Which an 
evaporation barrier surrounds the immersion space laterally 
to reduce evaporation; 

[0059] FIG. 9 shoWs a partial meridional section through 
a projection exposure apparatus according to a further aspect 
of the invention in Which a saturated vapor phase of the 
immersion liquid is located above the immersion liquid to 
reduce evaporation; 

[0060] FIG. 10 shoWs a portion of the projection exposure 
apparatus illustrated in FIG. 9 in Which a ?oating ?xing of 
an inlet pipe is shoWn; 

[0061] FIG. 11 is a representation based on FIG. 9 of a 
projection exposure apparatus according to yet a further 
aspect of the invention in Which the immersion liquid is 
circulated through the in?uence of gravity; 

[0062] FIG. 12 is a representation corresponding to FIG. 3 
of a further embodiment of the invention in Which a detector 
for detecting laterally escaping immersion liquid is pro 
vided; 

[0063] FIG. 13 shoWs an axial section through the immer 
sion space illustrated in FIG. 12; 

[0064] FIG. 14 shoWs an axial section through an immer 
sion space of a point diffraction interferometer according to 
a ?rst embodiment, and 

[0065] FIG. 15 shoWs an axial section corresponding to 
FIG. 14 according to a second embodiment of a point 
diffraction interferometer according to the invention; 

[0066] FIG. 16 shoWs in a partial perspective representa 
tion a projection exposure apparatus according to still 
another embodiment if the invention in Which a plurality of 
inlets and outlets are provided in the vicinity of the immer 
sion space; 

[0067] FIG. 17 a cross section through an inlet shoWn in 
FIG. 16; 

[0068] FIG. 18 is a representation similar to FIG. 7 
according to yet another embodiment of the invention in 
Which a temperature sensor is received in a Wafer stage. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0069] FIG. 1 shoWs a meridional section through a 
microlithographic projection exposure apparatus designated 
as a Whole by 10 in a greatly simpli?ed representation. The 
projection exposure apparatus 10 includes an illumination 
system 12 for generating projection light 13, Which com 
prises a light source 14, illumination optics indicated at 16 
and an aperture 18. In the embodiment illustrated the pro 
jection light 13 has a wavelength 7» of 193 nm. The projec 
tion exposure apparatus 10 also includes a projection lens 20 
containing a multiplicity of lenses, only some of Which are 
indicated as examples in FIG. 1 for reasons of clarity, and 
Which are denoted by L1 to L5. The projection lens 20 serves 
to image a mask 24 arranged in an object plane 22 of the 
projection lens 20 on a reduced scale on a photosensitive 
layer 26. The layer 26, Which may consist, for example, of 
a photoresist, is arranged in an image plane 28 of the 
projection lens 20 and is applied to a carrier 30. 
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[0070] The carrier 30 is ?xed to the bottom of a basin-like, 
upWardly open container 32 Which is movable parallel to the 
image plane 28 (in a manner not illustrated in detail) by 
means of a traversing device. The container 32 is ?lled With 
an immersion liquid 34 to a level at Which the last lens L5 
of the projection lens 20 on the image side is immersed in 
the immersion liquid 34 during operation of the projection 
exposure apparatus 10. Instead of a lens, the last optical 
element of the projection lens 20 on the image side may be, 
for example, a plane-parallel terminal plate. The refractive 
index of the immersion liquid 34 approximately coincides 
With the refractive index of the photosensitive layer 26. In 
the case of projection light having a Wavelength of 193 nm 
or 248 nm, high-purity deioniZed Water, for example, is 
possible as the immersion liquid 34. With shorter Wave 
lengths, such as 157 nm, per?uoropolyether (PEPE), for 
example, Which is commercially available under trade 
names including Demnum® and Fomblin®, is suitable. 

[0071] The container 32 is connected via an inlet pipe 36 
and an outlet pipe 38 to a conditioning unit 40 in Which 
elements including a circulation pump and a ?lter for 
cleaning the immersion liquid 34 are contained. The condi 
tioning unit 40, the inlet pipe 36, the outlet pipe 38 and the 
container 32 together form an immersion device designated 
42 in Which the immersion liquid 34 circulates While being 
cleaned and maintained at a constant temperature. The 
absolute temperature of the immersion liquid 34 should be 
set as accurately as possible since imaging by the projection 
lens 20 can be impaired by focusing errors and image shell 
defects in the case of deviations from the reference tem 
perature. Such imaging defects may in turn lead to a 
reduction in siZe of the process WindoW available for an 
exposure. 

[0072] FIG. 2 shoWs an enlarged portion of the projection 
exposure apparatus shoWn in FIG. 1 in Which further details 
can be seen. In FIG. 2 a gap, referred to hereinafter as the 
immersion space, Which remains betWeen the last lens L5 of 
the projection lens 20 on the image side and the photosen 
sitive layer 26, is designated 44. For reasons of clarity the 
height h of the immersion space 44, i.e. the axial distance 
betWeen the last optical element of the projection lens 20 on 
the image side and the photosensitive layer 26, is greatly 
exaggerated as represented in FIG. 2 and in the other 
Figures; in fact, the height h is of the order of magnitude of 
only one or a feW millimeters. In the embodiment illustrated, 
the immersion space 44 is completely ?lled With immersion 
liquid 34, Which ?oWs past the projection lens 20 in a 
circulation direction indicated by 46. 

[0073] The projection light indicated by 13 enters the 
immersion liquid 34 via the last lens L5 on the image side 
and passes through said immersion liquid 34 in the Zone of 
a partial volume 48 shaded grey in FIG. 2. The shape of the 
volume 48 depends on the numerical aperture NA of the 
projection lens 20 and on the geometry of the light ?eld that 
is projected by the projection lens 20 onto the photosensitive 
layer 26. Because the immersion liquid 34 has an absorp 
tionialthough a small oneifor the projection light 13 of 
the given Wavelength, a part of the projection light 13 is 
absorbed Within the volume 48. The heat released in this Way 
?oWs into the partial volume of the immersion space 44 
surrounding the partial volume 48, since the temperature is 
loWer therein, unless suitable counter-measures are taken. 
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[0074] The heat dissipated outwardly leads to the forma 
tion of a temperature gradient also Within the volume 48. 
Because the refractive index of the immersion liquid 34 is 
temperature-dependent, this temperature gradient Within the 
volume 48 causes a corresponding gradient in the refractive 
index. Such a gradient causes a refractive poWer Which 
manifests in imaging defects that, if they exceed a certain 
degree, cannot be tolerated. This effect occurs especially 
strongly if the immersion liquid 34 in the immersion space 
44 does not move or moves only sloWly, since the heat 
produced by absorption in the volume 48 is not, or is only 
slightly, carried aWay by convection. For this reason immer 
sion devices in Which the immersion liquid does not circu 
late, or does not circulate permanently, With a high ?oW 
velocity are especially affected by these heat-induced 
elfects. 

[0075] In addition, the boundary surfaces betWeen the 
immersion liquid 34 and a surrounding gas or gas mixture, 
Which may be e.g. air or an inert gas such as helium or 
nitrogen, also contribute to the formation of a temperature 
gradient. At these boundary surfaces, Which are designated 
47 in FIGS. 1 and 2, the immersion liquid 34 evaporates 
Which consumes vaporiZation heat. In this Way the immer 
sion liquid 34 is continuously cooled at the boundary 
surfaces 49, While the volume 48 is heated by the projection 
light 13. 

[0076] In order to reduce or even completely avoid the 
imaging defects accompanying a temperature gradient a heat 
transfer element is provided. In the embodiment of FIGS. 1 
and 2, this heat transfer element is realiZed as a heatable ring 
50 that is recessed in the underside 49 of the projection lens 
20 Which is immersed in the immersion liquid 34. The heat 
emitted from the ring 50 is transmitted by thermal conduc 
tion to the immersion liquid 34, as is indicated by arroWs 52 
in FIG. 2. In this Way the partial volume of the immersion 
space 44 surrounding the partial volume 48 is additionally 
heated, counteracting the formation of a temperature gradi 
ent. The geometry of the ring 50 may be adapted to the shape 
of the volume 48. In the case of a rectangular light ?eld, for 
example, the heat transfer element 50 may also be con?g 
ured as a rectangular ring. It is, of course, also possible to 
replace the continuous ring by a plurality of individual heat 
transfer elements distributed With corresponding geometry 
on the underside 49 of the projection lens 20. 

[0077] FIGS. 3 and 4 shoW a projection exposure appa 
ratus according to another embodiment in a partial perspec 
tive representation and in axial section respectively. In this 
embodiment the immersion liquid 34 is not located in a 
container 32 but is retained in the immersion space 44 solely 
by adhesion forces. In the illustrated embodiment the last 
optical element of the projection lens 20 on the image side 
is not a lens but a plane-parallel terminal plate 54. Indicated 
thereon is a projection light beam denoted by 56 Which has 
an approximately rectangular cross-section. After passing 
through the terminal plate 54 and the immersion liquid 34 
located in the immersion space 44 beloW said terminal plate 
54, the projection light beam 56 generates a rectangular light 
?eld 58 on the photosensitive layer 26. 

[0078] In this embodiment the temperature gradient is 
even steeper than that shoWn in FIGS. 1 and 2, since the 
boundary surface 47 betWeen the immersion liquid 34 and a 
surrounding gas, Which boundary surface 47 is compara 
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tively cool as a result of evaporation, is here located even 
closer to the volume 48. In addition, in this embodiment the 
immersion liquid 34 is not circulated, but remains for a 
prolonged period in the immersion space 44. In this case, a 
certain homogenization of the temperature distribution is 
provided only by mixing of the immersion liquid 34 as a 
result of a traversing motion 60, indicated by an arroW 60, 
by Which the photosensitive layer 26 is moved past the 
projection lens 20 during an exposure. 

[0079] To counteract the formation of a major temperature 
gradient, in the embodiment illustrated in FIGS. 3 and 4 heat 
is supplied to the immersion liquid 34 via an annular heating 
Wire 501 that is surrounded by a chemically inert and 
electrically insulating sheath. The heating Wire 501 is con 
nected to a control unit 62 in Which a battery for current 
supply and a control device are integrated. Said control unit 
62 has the function of adjusting the calori?c output of the 
heating Wire 501 in accordance With a prede?ned value. 
Instead of the control device, a temperature control system 
Which includes a temperature sensor for measuring the 
temperature of the immersion liquid 34 may be provided. 

[0080] In the embodiment illustrated, the heating Wire 501 
is in the form of a loop placed around the volume 48 through 
Which the projection light beam 56 passes, so that the 
immersion liquid 34 located outside the volume 48 can be 
uniformly heated by the heating Wire 501. The heating Wire 
501 may also be arranged more tightly around the volume 
48. Moreover, shapes of the heating Wire 501 other than 
circular are, of course, envisaged in the context of the 
present application. 

[0081] FIG. 5 shoWs a further embodiment based on the 
representation in FIG. 3, indicating hoW heat transfer ele 
ments may be con?gured to reduce the temperature gradient. 
In this embodiment the immersion space 44 is delimited 
laterally by a ring 62 ?xed to the underside 49 of the 
projection lens 20. The ring 62 extends doWnWardly in the 
axial direction only so far that the photosensitive layer 26 
can be moved past and beloW the ring 62 during a traversing 
movement 60. The ring 62 has the effect that, With relatively 
fast traversing movements 60, the immersion liquid 34 does 
not escape from the immersion space 44. In addition, the 
boundary surface 47 to the surrounding gas or gas mixture 
is considerably reduced, since the immersion liquid 34 can 
noW evaporate only via a narroW gap of height d remaining 
beloW the ring 62. 

[0082] To homogeniZe the temperature distribution, the 
ring 62 is heatable. For this purpose an annular conduit 502, 
in Which a heating medium, e.g. heated Water or hot air, can 
circulate is arranged in the loWer part of the ring 62. 

[0083] FIG. 6 shoWs in a partial axial sectional represen 
tation a projection exposure apparatus according to a further 
embodiment. In this case the heat transfer elements are 
realiZed as planar radiators 503 Which are electrically heat 
able and are distributed around the perimeter of the projec 
tion lens 20. The planar radiators 503 have a black surface 
on their side facing toWards the immersion liquid 34 and a 
mirror surface on the opposite side, so that thermal radiation 
is directed substantially only at the immersion liquid 34. 
When heated to temperatures of betWeen approximately 400 
C. and 80° C., the planar radiators 503 emit predominantly 
thermal radiation having Wavelengths in the microWave 
range, for Which Water used as the immersion liquid 34 is 
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highly absorptive. Alternatively, however, the heat transfer 
elements may be other components Which emit electromag 
netic radiation, e.g. semiconductor diodes or semiconductor 
lasers. Designated by 65 are thermal sensors With Which the 
temperature of the planar radiators 503 can be measured. 

[0084] Associated With each planar radiator 503 is a 
collecting lens 66 Which focuses the thermal radiation 
generated by the planar radiators 503 and directs it at the 
immersion space 44. The immersion liquid 34 absorbs the 
thermal radiation predominantly in the area of the boundary 
surface 47 and is heated locally. In this Way heat is generated 
precisely at the location in the immersion liquid 34 Where it 
is lost through evaporation. The larger the absorption coef 
?cient for the Wavelength range of the thermal radiation, the 
more strongly is the heating concentrated on the area of the 
boundary surfaces 47. 

[0085] In a practical inversion of the above-described 
mode of operation, the arrangement shoWn in FIG. 6 may 
also be used for cooling the immersion liquid 34. In this case 
it is necessary only to ensure that the planar radiators 503 are 
cooled, eg by means of Peltier elements. In this case the 
heat transfer is effected by thermal radiation from Warmer 
Zones of the immersion liquid 34 to the cooled planar 
radiators 503. 

[0086] The arrangement illustrated in FIG. 6 can be further 
modi?ed so that the planar radiators 503 are arranged inside 
the projection lens 20, in such a Way that the thermal 
radiation emitted passes through the immersion liquid 34 in 
the axial direction through suitable exit WindoWs. Such an 
arrangement may be considered particularly in the case of 
measuring devices, since then there is no danger that any 
short-Wave spectral components of the thermal radiation 
present Will contribute to exposing the photosensitive layer 
26. 

[0087] FIG. 7 shoWs a similar portion of a projection 
exposure apparatus according to another embodiment. 
Unlike FIGS. 4 and 6, FIG. 7 shoWs a Wafer stage 70 on 
Which the carrier 30 of the photosensitive layer 26 is 
attached. Incorporated into the Wafer stage 70 are heat 
transfer elements Which, in the embodiment illustrated, are 
realiZed as conduits 504 disposed parallel to one another. 
When a hot ?uid, eg Water, ?oWs through the conduits 504, 
the Zones of the carrier 30 and of the photosensitive layer 26 
located above the conduits 504 are heated. From there the 
heat passes into the immersion liquid 34 located above said 
Zones. Because the conduits 504 are offset laterally With 
respect to the axial position of the partial volume 48, the heat 
transfer is limited substantially to the partial volume in the 
immersion space 44 surrounding the partial volume 48. In 
this Way the immersion liquid 34 in the immersion space 44 
is heated almost uniformly, Which prevents the formation of 
major temperature gradients. 

[0088] FIG. 8 shoWs in an axial section a portion of a 
projection exposure apparatus in Which no heat transfer 
elements are present. In this case homogenization of tem 
perature distribution Within the immersion liquid 34 is 
achieved in that an evaporation barrier designated as a Whole 
by 72 is ?xed to the underside 49 of the projection lens 20. 
The evaporation barrier 72 comprises a total of four con 
centrically arranged rings 741, 742, 743 and 744, Which 
delimit the immersion space 44 laterally, i.e. perpendicularly 
to the optical axis. The rings 741 to 744 have, in the axial 
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directions, a Width Which is such that the free ends of the 
rings 741 to 744 are spaced from the photosensitive layer 26, 
as is also similarly the case With the embodiment shoWn in 
FIG. 5. In this Way the photosensitive layer cannot be 
damaged by the evaporation barrier 72. Immersion liquid 34 
located inside the immersion space 44 is prevented by 
adhesion forces from escaping through the gap 76 remaining 
betWeen the ring 741 and the photosensitive layer 26. 

[0089] Through the staggered arrangement of the rings 
741 to 744 it is also prevented that a surrounding gas or gas 
mixture ?oWs around the gap 76 and thereby promotes 
evaporation. On the contrary, evaporated immersion liquid 
34 remains predominantly in the gaps betWeen the rings 741 
to 744, Whereby the vapor pressure of the immersion liquid 
is increased in that location. Because evaporation decreases 
as the vapor pressure of the surrounding gas increases, an 
evaporation-inhibiting effect is additionally achieved in this 
Way. This in turn has the result that only a comparatively 
small temperature gradient can form inside the immersion 
space 44. 

[0090] FIG. 9 shoWs a portion of a projection exposure 
apparatus 10' similar to that shoWn in FIG. 1. In the case of 
the projection exposure apparatus 10', hoWever, the con 
tainer 32 in Which the immersion liquid 34 is located is 
contained by a chamber 78 sealed all round in a gas-tight 
manner. The chamber 78 is formed substantially by a 
hood-like cover 80 Which has an opening 82 through Which 
the projection lens 20 passes through the cover 80. 

[0091] In addition, the projection exposure apparatus 10' 
includes a supply unit 84 in Which elements including a 
reservoir 86 for immersion liquid 34 and an evaporator 88 
are housed. The supply unit 84 has the function of intro 
ducing immersion liquid in the vapor phase into the chamber 
78 in order to increase the vapor pressure therein. For this 
purpose immersion liquid WithdraWn from the reservoir 86 
is evaporated in the evaporator 88 and fed into the chamber 
78 via a conduit 90. The vapor phase of the immersion liquid 
can be discharged from the chamber 78 in a valve-controlled 
manner via an outlet 92. 

[0092] Because of the increased vapor pressure inside the 
chamber 78, only a small amount of immersion liquid 34 
evaporates at the boundary surface 47 betWeen the immer 
sion liquid 34 in the liquid phase and in the vapor phase. 
When the saturation vapor pressure is reached in the cham 
ber 78 at the temperature prevailing therein, precisely as 
much immersion liquid 34 evaporates at the boundary 
surface 47 as is condensed inversely from the surrounding 
vapor phase. Therefore, as the saturation vapor pressure is 
reached in the chamber 78, no evaporation heat is consumed 
that cools off the immersion liquid 34 located in the con 
tainer 32. In this Way a similar effect is obtained as With the 
embodiment shoWn in FIG. 8, but Without the provision of 
an evaporation barrier 72. The projection exposure appara 
tus 10' therefore makes it possible to conduct immersion 
liquid 34 through the immersion space 44 in a closed 
circulation. 

[0093] FIG. 10 shoWs an enlarged portion A of the pro 
jection exposure apparatus 10' illustrated in FIG. 9. In FIG. 
10 a Wall 94 of the container 32 can be seen, through Which 
the inlet pipe 36 for the immersion liquid 34 passes. For this 
purpose an opening 96 through Which the inlet pipe 36 
passes into the interior of the container 32 is provided in the 
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Wall 94. The dimensions of the opening 96 are so selected 
that a circumferential gap 98 that the immersion liquid 34 
can penetrate remains betWeen the inlet pipe 36 and the Wall 
94. On the other hand, the gap 98 is so narroW that no 
immersion liquid 34 can escape from the container 32 
through the gap 98. In this Way the inlet pipe 36, Which is 
held by supports 99, is mounted so as to “?oat” in ?uid in 
the Wall 94 of the container 32. As a result, vibration of the 
pipe 36 Which may be produced, for example, by ?oW 
turbulence in the inlet pipe or by a pump in the processing 
unit 40, cannot be transmitted to the container 32. The 
above-described shock-isolated mounting of inlet and outlet 
pipes can be of signi?cance, in particular, for measuring 
devices. 

[0094] FIG. 11 illustrates schematically a portion of 
another embodiment of a projection exposure apparatus, 
denoted as a Whole by 10". In the projection exposure 
apparatus 10", to avoid shocks immersion liquid 34 is not 
conducted into and through the container 32 by means of a 
pump, but only by gravity. For this purpose a reservoir 100 
for immersion liquid 34 is arranged above the immersion 
space 44. Immersion liquid 34, controlled by a valve 104, 
can be conducted from the reservoir 100 into the container 
32. Periodic ?uctuations in the ?oW velocity and vibrations 
caused thereby, Which generally cannot be completely 
avoided With the use of pumps, do not occur With the 
projection exposure apparatus 102. 

[0095] In this embodiment the outlet pipe 38 from the 
container 32 is connected to an intercepting tank 106 in 
Which immersion liquid 34 is collected after passing through 
a second valve 108. From there the immersion liquid is 
returned by means of a pump 110 to the reservoir 100 via the 
conditioning unit 40. Because the pump 110 is decoupled 
from the immersion liquid 34 in the container 32 via the 
reservoir 100 and the intercepting tank 108, ?uctuations in 
?oW velocity generated by the pump 110 are con?ned to the 
pipe system betWeen the intercepting tank 106 and the 
reservoir 100. 

[0096] Another possibility of avoiding shocks produced 
by pumps consists in circulating the immersion liquid 34 in 
the container 32 only during projection pauses. The con 
tainers 100 and 106 shoWn in FIG. 11 can then be dispensed 
With. 

[0097] FIGS. 12 and 13 shoW a projection exposure appa 
ratus 10'" according to a further embodiment in a perspective 
representation and in an axial section respectively. The 
projection exposure apparatus 10"‘ includes a detector, 
denoted as a Whole by 120, With Which undesired escaping 
of immersion liquid 34 from the immersion space 44 can be 
detected. For this purpose the detector 120 has tWo conduc 
tive loops 122, 124 arranged parallel to one another in the 
axial direction and connected to a measuring circuit 126. 

[0098] The tWo conductive loops 122, 124 form a capaci 
tor the capacitance of Which depends on factors including 
the dielectric material located betWeen the conductive loops 
122, 124. If, for example, the immersion liquid is deioniZed 
Water and the surrounding gas is air, the difference of 
dielectric constants is approximately 80. If immersion liquid 
34 from the immersion space 44 enters the gap betWeen the 
conductive loops 122, 124, as is indicated at 128, the 
dielectric constant of the medium present betWeen the 
conductive loops 122, 124 is locally increased at that loca 
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tion. The accompanying rise in the capacitance of the 
capacitor formed by the conductive loops 122, 124 is 
detected by the measuring circuit 126. If a prede?ned 
threshold is exceeded the measuring circuit 126 can, for 
example, generate a signal Which indicates that immersion 
liquid has passed outside the area de?ned by the conductive 
loops 122, 124. 

[0099] The above embodiments have been discussed in 
relation to projection exposure apparatuses. HoWever, they 
are transferable, With minor modi?cations as appropriate, to 
measuring devices With Which the optical imaging charac 
teristics of projection lenses can be determined. Such mea 
suring devices generally include a test optics component 
Which is arranged, in place of the support 30 for the 
photosensitive layer 26, on the image side of the projection 
lens 20. This test optics component may be, for example, a 
mirror, a diffraction grating, a CCD sensor or a photosen 
sitive test layer. Such measuring devices frequently also 
include separate light sources Which then replace the illu 
mination system of the projection exposure apparatus. 

[0100] Some of the above-described embodiments and 
aspects of the invention can be used especially advanta 
geously With certain measuring devices. With regard to a 
Shearing interferometer this is the case, for example, for the 
variants shoWn in FIGS. 3 to 5 and the ?oating mounting of 
pipes shoWn in FIG. 10; the circulation making use of 
gravitation illustrated in FIG. 11 is especially advantageous 
With a Moire interferometer. 

[0101] FIG. 14 illustrates schematically a pinhole mask of 
a point diffraction interferometer (PDI) in an axial section. 
Such point diffraction interferometers and the pinhole masks 
necessitated thereby are knoWn per se in the prior art, so that 
elucidation of further details thereof can be omitted. The 
pinhole mask 140 consists of a glass body 142 to Which a 
semitransparent layer 144 is applied. Located at approxi 
mately the centre of the pinhole mask 140 is a small pinhole 
opening 146 in the semitransparent layer 144. 

[0102] To be able to heat the immersion liquid 34 in the 
immersion space 44 located above said semitransparent 
layer 144 in the partial volume surrounding the partial 
volume 48 exposed to the measuring light, conduits 148 
through Which ?oWs a ?uid heating medium, e.g. heated 
Water, are incorporated in the glass body 142. In this Way the 
periphery of the glass carrier 142 is heated uniformly, 
Whereby the temperature of the immersion liquid 34 located 
above same is increased locally. 

[0103] FIG. 15 shoWs another embodiment of a pinhole 
mask, denoted by 140', in a representation corresponding to 
FIG. 14. In this embodiment the pinhole mask 140 consists 
of a metal carrier 142' at the centre of Which a glass insert 
150 is incorporated. This glass insert 150, Which may have 
the form, for example, of a truncated cone, is so dimen 
sioned that the measuring light can pass through the glass 
insert 150 Without reaching the surrounding metal of the 
metal carrier 142'. 

[0104] Because the volume 48 through Which the measur 
ing light passes predominantly borders the metal carrier 142' 
via the semitransparent layer 144 and only a small part 
thereof borders the glass insert 150, heat released in the 
volume 48 by absorption of measuring light is e?iciently 
dissipated via the metal carrier 142'. In this Way the high 
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thermal conductivity of the metal carrier 142' contributes to 
permitting only a small temperature gradient Within the 
immersion space 44. 

[0105] FIG. 16 shoWs in a partial perspective representa 
tion a projection exposure apparatus according to still 
another embodiment. In this embodiment immersion liquid 
(not shoWn) is applied to the immersion space 44 formed 
betWeen the terminal plate 54 of the projections lens 20 and 
the photosensitive layer 26 With the help of a plurality of 
inlets 202a, 202b, 2020. The inlets 202a, 202b, 2020 are 
connected to a distributor 204 Which is supplied With 
immersion liquid via a supply line 206. 

[0106] On the opposite side ofthe inlets 202a, 202b, 2020 
a plurality of outlets 208a, 208b, 2080 is arranged such that 
they reach into the immersion space 44. The outlets 208a, 
208b, 2080 are connected to an immersion liquid collector 
210 through Which immersion liquid sucked in via the 
outlets 208a, 208b, 2080 and collected in the collector 210 
is drained aWay through a drain line 212. 

[0107] During operation of the projection exposure appa 
ratus immersion liquid 34 is constantly or intermittently 
supplied via the inlets 202a, 202b, 2020 and sucked off with 
the help of the outlets 208a, 208b, 2080 . Thus there is a 
constant or frequent exchange of immersion liquid ?lling the 
immersion space 44. 

[0108] The projection exposure apparatus further com 
prises a temperature sensor 214 Which is arranged such that 
it reaches into the immersion space 44. The temperature 
sensor 214 and the distributor 204 for the inlets 202a, 202b, 
2020 are connected to a control unit 216. An additional cap 
may be provided that substantially seals off the immersion 
space 44 from the outer atmosphere, as is knoWn in the art. 
Such caps are sometimes referred to as “shoWer hood”. 

[0109] FIG. 17 shoWs a radial cross section through the 
inlet 20211. The cross sections of the other inlets 202b, 2020 
are, in the embodiment shoWn, identical. The inlet 202a 
comprises an inlet Wall 216 Which is formed by a ?exible 
hose or a rigid tube, for example. Within the inlet Wall 216 
a plurality of elongated heating elements 218 extend along 
the longitudinal direction of the inlet 20211. The heating 
element 218 may be formed by heating Wires or channels 
through Which heated or cooled Water or another heat carrier 
?uid is guided. By appropriately controlling the heating 
elements 218, it is possible to change the temperature of the 
immersion liquid leaving the inlet 202a and running into the 
immersion space 44. 

[0110] In a preferred embodiment each inlet 202a, 202b, 
2020 can be controlled independently at least as far as the 
heating elements 218 are concerned. Alternatively or addi 
tionally, the ?ux (i.e. ?oW rate) of immersion liquid running 
through the inlet 202a, 202b, 2020 may be independently set 
in the distributor 204 under the control of the control unit 
216. 

[0111] It is thus possible to locally change the temperature 
of the immersion liquid Within the immersion space 44 by 
selectively controlling the heating elements 218 and/or the 
How rate for each inlet 202a, 202b, 2020. From this it 
becomes clear that the spatial resolution of this temperature 
control of the immersion space 44 depends on the number 
and arrangement of inlets 202a, 202b, 2020 provided around 
the immersion space 44. By appropriately selecting these 
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parameters it is possible to achieve a homogenous tempera 
ture distribution at a target temperature, or at least a rota 
tionally symmetric temperature distribution having a target 
temperature gradient, Within the partial volume of the 
immersion space 44 that is exposed to projection light. 

[0112] As a matter or course, there are various alternatives 
for the inlets 202a, 202b, 2020 as far as the temperature 
control is concerned. For example, the heating elements 218 
may extend through the inlet Wall 216 like a helix, or they 
may be con?gured as a mesh Woven of a conducting Wire. 

[0113] In the embodiment shoWn the temperature sensor 
214 is part of a control loop that makes it possible to keep 
the temperature Within the immersion space 44, or at least 
the temperature in the vicinity of the temperature sensor 214, 
at a constant value. Preferably the maximum variations of 
the temperature of the immersion liquid 34 should not 
exceed 5 mK, and even better 2 mK, during a duration of 1 
minute. Over longer time periods, for example 15 minutes, 
these limits may be considerably relaxed up to a factor 10. 
These values ensure that the temperature varies sloWly 
enough to be able to correct residual imaging aberrations by 
means further explained beloW. 

[0114] Certain parameters that detrimentally affect the 
temperature stability may be quantitatively determined 
beforehand, either by simulation or by experiment. For 
example, a simulation model may be developed that makes 
it possible to predict the amount of immersion liquid that 
evaporates during the operation of the apparatus, and hoW 
this evaporation affects the temperature of the immersion 
liquid Within the partial volume of the immersion space 44 
that is exposed to projection light. With the help of the 
controllable inlets 202a, 202b, 2020 this expected tempera 
ture variation may be compensated for. Thus the temperature 
may be maintained at a constant or only sloWly varying 
value even if no closed control loop comprising the tem 
perature sensor 214 is provided. 

[0115] In FIG. 16 the temperature sensor 214 is illustrated 
as a single element that reaches into the immersion space 44. 
HoWever, the temperature measurement of a complex 3D 
temperature distribution is a dif?cult task, and often it is not 
easy to accurately determine the 3D temperature distribution 
on the basis of measurements performed only at a small 
number of measurement points. 

[0116] Another alternative for measuring the temperature 
of the immersion liquid 34 is shoWn in the cross section of 
FIG. 18. In this embodiment a matrix of temperature sensors 
214' is received Within a Wafer stage 70 for positioning the 
carrier 30 relative to the projection lens 20. Since the carrier 
30 is usually made of a material having a large heat 
conductivity, the temperature distribution of the immersion 
liquid 34 over the area of the matrix of temperature sensors 
214' may be measured by the temperature sensors 214' With 
high accuracy. 

[0117] Temperature sensors may also be provided at or in 
the outlets 208a, 208b, 2080 . 

[0118] The temperature of the immersion liquid may also 
be determined more remotely from the immersion space 44 
on the basis of optical measurements. For example, the 
refractive index of the immersion liquid, and thus its tem 
perature, may be determined by interferometric measure 
ments that measure phase deviations of measurement light 








