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Lithographie Apparatus and Device Manufacturing Method

The present mvention relates to a lithographic apparatus and a device manufacturing method.
A lithographic apparatus is a machine that applies a desired pattern onto a target portion of a
5  substrate. Lithographic apparatus can be used, for example, in the manufacture of integrated circuits
(ICs). In that circurnstance, a palterning means, such as 2 mask, may be used to generate a clrcuit
pattern corresponding to an individual layer of the IC, and this pattern can be imaged onto a target
portion (¢.g. comprising part of, one or several dies) on 2 substrate {e.g. a silicon wafer) that has a
layer of radiation-sensitive material {resist). In general, a single substrate will contain a netwotk of
10 adjacent target portions that are successively exposed. Known lithographic apparatus include so-
callcd steppers, in which each target portion is irradiated by exposing an entire pattern onto the
target portion in one go, and so-czlled scanners, in which each target portion is irradiated by
scanning the pattern through the prajection beam in a given direction (the “scanning*-direction)
while synchronously scanning the subsirate parallel or anti-parallel to this direction.
15
Lithographic apparatuses comprise a reference frame, which may also be referred as a metrology
frame in the art. The reference frame provides support for the prejection system. In certain types of
conventional lithographic apparatus the reference frame is isolated from disturbances caused by
other components of the lithographic apparatus, such as the long and short stroke moters used to
20 drive the reticle and waler slages, Reference frames are conventionally made from matecials having
a low coefficient of thermal expansion, such as alloys including Invar. Until now, it has been
assurned that such materials having a low coefficient of thermal cxpansion are required in order to
meet the thermal demands of the reference frame. Unfortunately, these materials are expensive
resulting in a high mamifacture cost. Furthermore, such materials are in limited supply and have a
25  limited manufacturability. Operating in a dynamic market of supply and demand, these factors
contribute to an unacccptably long lead time for the prodﬁction of a reference frame. Such a long
lead time also includcs a large expense in lerms of the man hours required to construct the reference
frame due to the sub-optimal manufacturability of conventional reference ftame materials. Due to
problems in supply and demand of reference frames, it has been found that it is not possible to '

30 supply reference frames in sufficiently high volume in an upturn, thus losing output, and it is not

P-1743.020



10

15

20

25

30

(22) JP 2009-16868 A 2009.1.22

possible to reduce output volume in a down tum, thus goods rmust remain in storage.

US-A-~6 529 264 discloses  frame for connecting parts of an optical system, comprising twa barrels
disposed on lop of their own flange-connection to an asscmbly frame. The patent addresses the
problem that movements between certain points of the optical axis that are relatively weakly
connected result in imaging performance loss. In particular, this patent addresses the problem of
reducing these movements in the frame It would appear that the frame is made of materizls
including aluminium and stainless steel. The frame does not constitute a reference [rame, but can
be seen as part of a projection optics asscmbly, where it provides the function of improving the
imaging performance of this assembly. This patent thus indicates a technical prejudice that [rames
for lithographic apparatuses made of non-low thermal expansion coelficient materials, such as
alumirinm, suffer vibrations which detrimentally affect the performance ol the lithographic
apparatus, and which require additional solutions. This patent implies that the frame disclosed
would not be suitable as a refercnce frame due to the vibrations suffered. In US-A-6 529 264, the
required additional solutfon includes providing an additional frame. The provision of an additional
frame produces an overdetermined construction, because a single lower assembly frame, would be
sufficient. To overcome the mechanical problems of overdetermination the solution would be to
make the frame a separate patt that is only stiff in limited directions and to connect it atter the two
barrels are positioned to each other through the assembly frame, as proposed in US-A-6 529 264,
Further, the thermo-dynamical problems of an overdetermined assembly would be to make the
materials of the frame perts and the assembly frame part the same, also as proposed in US-A-6 529
264,

Tt is an object of the present invenlion to overcome the problems associated with the supply of

conventional reference frame materinls without encountering performance problems in return,

According to an aspect of the invention, there is provided a lithographic apparatus comprising:
- an illumination system for providing a projection beam of radiation;
- a support sttucture for supporting patterning means, the palterning means serving to impart

the projcetion beam with a pattern in its cross-section;
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- a substrate table for holding a substate;
- 1 projection system for projecting the patterned beam onto a target portion of the substrate;
and an isolated reference frame for providing a reference surface with respect to which said
subslrate is measured;

characterized in that said referencc trame comprises a material having a high coefficient of
thermal expansion.
By providing a reference frame comprising a material having 2 high eoefficient of thermal
expansion a wider variety of materials are available for the reference frame. It has been found that
meterials, such as aluminium or aleminfum alloy materials, results in a significant cost of goods
reduction and a significant lcad-time decrease. Further, the present invention provides the additional
sutprising effect that the dynamic performance of the reference frame is equal or better than
reference frames made of conventional materials, such as Invar. By rejecting the assumption that a
refevence frame must be constructed of a material having a low coelTicient of thermal expansion in
order to achieve the required thermal and thermo-dynamic performance, the inventors have

overcome substantial technical prejudice.

In a preferred embodiment, said reference frame supports a measuring system for determining

certain dimensions of said substrate prior to its exposure and said projection system.

I a preferred embodiment, said cocfficient of thermal expansion is greater than approximately
2.9x10%K

Surprisingly, it has been (ound that materials having a coefficient of thermal expansion greater than
approximately 2.9x10°%/K, provide a reference frame having sufficient mechanieal and thermal
stability. It has been (vund that SiSiC, having a coefficient of thermal expansion of approximately

2.9x10°%/K, is 1 material fulfilling these requirements.

In a preferred embodiment, the reference frame compriscs any one of the materials aluminium,
aluminium alloy, titaninm, iron, cast-iron, steel, stainless steel, copper, a ceramic material, concrete,
granite, poreelain or combinations of these materials, for example, in a composite, sandwich or

Iaminated structure. By using such malerials the production costs of the reference frame are
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reduced. Fuuther, an increase in design freedom is provided. The use of more versatile materials
results in less technical production documentation with less mechanical development required for
design changes in the reference frame and new frame designs. In particular, it has been found that

aluminium or aluminivm alloy, for example, are particularly dynamically rebust.

In a preferred embodiment, the reference frame comprises a solid block of material. By providing a
reference (rame in the form of a solid block, the manufacturability of the reference frame is further
improved in conirast to conventional reference frames which may comprise a large number of
casting or plate parls which require welding together. Further, a solid block provides a low internal
thermal resistance and high thenmal capacity. This results in only small temperature fluctuations
from dynamic heat load variations and as a result small thermal drift of the reference frame.

In a preferred embediment, the solid block is machined to form said reference frame. By machining

a solid block, time consuming and expensive welding procedures are avoided.

In a preferred embodiment, the reference frame is provided with a thermal conditioning system for
controlling the temperature of the projection system with respect to the reference frame. By
providing such a thermal conditioning system, the long term thermal stability of the reference frame
is improved. Further, after thermal drift of the reference frame and the optical systern (caused for
exemple by & service, maintcnance or installation, etc) the thermal stabilization to reach the required
performance is significantly reduced by active cooling. Another advantape is the improved thermal

conditioning of the prajection system provided with an actively eonditioned reference frame,

In & preferred ermmbodiment, the reference frame is provided with a highly infrared reflective surface,
By providing the reference frame with a highly infrared rellective surfuce, the contamination risk is
reduced, and/or the infrared reflection can be increased, and /or the friction coefficient can be
enlarged. In particular, the surface may be provided in the form of a coating of a metal matcrial of,
[or example, nickel.

In a preferred embodiment, the reference frame is made of a material having & high specific heat
and/or a high thermal conductivity. In particular, a meterial having & specific heat higher than aboal
600 J(keK) and/or said thermal conductivity higher than about 20 WA{m K).
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h

By providing of reference frame of a matcrial having a high specific heat and/or a high thermal
conductivity, the thermal stability of the framc is improved.
In one embodiment, the reference frame is provided with a first Lcmperaluré sensor for sensing a

tfempcerature of the reference frame.

In a further embodiment, the projeclion system comprises a projection lens, wherein said projection

lens is provided with a second temperature sensor for sensing a temperature of said projection lens,

A further embodiment comprises a thermal conditioning system for thermally conditioning at least
one of the reference frame and the projection sysiem based on the temperatures sensed by at least
one of the first and second temperature sensors. In this way both short and long term temperature

fluctuations can be compensated for.

In a further embodiment, the thermal conditioning system comprises a control eircuit for controlling
an amount of heat transported to or [rom at least one of the reference frame amd projection lens, a
ternperature regulating element and a heat tramsporting system, wherein the temperature regulating
elernent regulates the amount of beat transported by said heat transporting system, wherein the heat
transporting system is in thermel contact with at least one of the reference frame and the projection
lens, for transporting heat to or from the at least one of said reference frame and the projection lens,
wherein the contro) circuit is arranged to be responsive to the temperature scnsed by at least one of
the first and second temperature sensors, the temperature regulating element is responsive to the
control circnit and is in thermal contact with the heat transporting system, so that a sct temperature
is reached in at least one of the reference frame and the projection lens. In this way, the temperature

control of at Icast onc of the reference frame and projection lens is improved.

In a further embodiment, the control cireuit is arranged to take the temperature sensed by the Grst
temperature sensor into accounl in compensating for a short term environmentzal temperatuce

fluctmation. In this way the thermal stability of the apparatus is improved.

In a further embodiment, the control circuit is arrangsd to take the tempezature sensed by the second
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termperature sensor into aceount in compensating for a long term environmenial temperature

finctuation. Tn this way the thermal stability of the apparatus is further improved.

In a further embodiment, the thermal conditioning system comprises a single control loop for
controlling the temperature of the reference frume and the projection lens. In this way both the long
and short term environmental temperature fluctations may be accounred for without adding

significantly to the complexity and cost of the apparatus.

In g further embodiment, the heat transporting system comprises 2 conditioning fluid which is
heated or cooled to said set temperature. In this way, the thermal conditioning systcm provides a
versatile and effective tefnperature control of the apparatus.
According to a further aspect of the invention, there is provided a device manufacturing method
cornprising the steps oft
- providing a substrate;
- providing a projection beam of radiation using an illumination system;
- using patterning means to impart the projection beam with a pattcrn in its cross-scction; and
- projecting the patterned beamn of radiation onto a target portion of the substrate,
- using an isolated reference frame to provide a reference surface with respect to which said
substrate is measured;

characterized in that said reference frame comprises a material having a high coefficient of

thermal expansion.

Although specific refercnee may be made in this text to the use of lithographic apparatus in the
marufacture of ICs, it should be understood that the lithographic apparatus deseribed herein may
have other applications, such as the manufacture ol integrated optical systems, guidance and
detection patterns for magnetic domain mermories, liquid-crystal displays (LCDs), ﬂu’ﬁ-ﬁ]m
magnetic heads, etc. The skilled artisan will appreciate that, in the context of such alternative
applications, any use of the terms “wafer” or “die” herein may be considered as synonymous with
the more general terms “substrate” or “target portion”, respectively. The substrate referred to herein

may be processed, before or after exposure, in for example a track ¢a tool that typically applies a

P-1743.020



th

1¢

15

20

25

30

27) JP 2009-16868 A 2009.1.22

layer of resist to a substrate and develops the exposed resist) or a metrology or inspection tool.
Where applicablc, the disclosure herein may be applied to such and other substrate processing taols.
VFurther, the substrate may be processed more than once, for example in order to create a multi-layer
IC, so that the term substrate used herein may also refer to a subsirale thatl already contains muliiple
processed layers.

The terms “radiation” and “beam” used herein encompass all types of elecromagnetic
radiation, including ultraviolet {UV) radiation (e.g. having a wavelength of 365, 248, 193, 157 or
126 nm) and extreme ultra-violet (EUV) radiation (e.g. having a wavelength in the range of 5-

20 nm), as well as particle beams, such as ion beams or electron beams.

The terma “patierning means™ used herein should be broadby interpreted as referring to means
that can be used to impart a projection beam with a pattarn in its cross-section such as to create a
pattern in a target portion of the subsirate. It should be noted that the pattern impartad to the
projection beam may not exactly commespond to the desired pattern in the target portion of the
subsirate. Generally, the pattern imparted to the projection beam will correspond to a particular
[unetional layer in a device being created in the target portion, such as an integrated cirenit.

Patterning means may be transmissive or reflective. Examples of pattering means includs
masks, programmmable mirror arrays, and programmable LCD panels. Masks are well known in
lithography, and include mask types such as binary, altemating phase-shift, and attenuated phase-
shifl, as well as various hybrid mask types, An example of a programmablc mirror array employs a
matrix arrangement of small mirrors, each of which can be individually tilted so as to reflect an
incoming radiation beam in different directions; in this mam1ér, the reflected beam 1s patterned. In
each example of patterning means, the support structure may be a frame or table, for cxample,
which may be fixed or mevable as required and which may ensure that the patterning means isat a
desired position, for example with respect to the projection system. Any use of the terms “reticle” or
“mask” herein may be considered synonymous with the more general term “patterning means™.

The term “projection system™ used herein should be broadly interpreted as encompassing
varipus types of projection system, including refractive optical systems, reflective optical systems,
and catadioptric optical systems, as appropriate for example for the exposure radiation being used,
or for other factors such as the use of an immersion fluid or the use of' a vacuum. Any use of the

term *lens” herein may be considered as synonymous with the more general term “projection
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systern”™.

The illumination system may also encompass various types of optical components, including
refractive, reflective, and catadioptric optical components for direcling, Qhaping, ot controlling the
projection beam of radiation, and such components may also be referred 10 below, collectively or
singularly, as a “lens”™.

The fithographic apparatus may be of a type having two {(dual stage} or mare substrate tables
{and/or two or more mask tables). In such “multiple stage™ machines the additional tables may be
vsed in parallel, ar preparatory sleps may be carried out on one er more tables while one or more
other tables are being used for exposure.

The lithographic apparalus may also be of a type wherein the substrate is immersed in liquid
baving a relatively high refractive index, e.g. water, so as to fill a space between the final element of
the projection system and the substrate. Immersion liquids may also be applied to other spaces in the
lithographic apparatus, for example, between the mask and the first element of the projection systen.
Immersion lechniques are well known in the ert for increasing the numerical aperture of projection
gystems.

Embodiments of the invention will now be described, by way of example only, with reference
1o the accompanying schematic drawings in which. corresponding reference symbols indicate
comresponding perts, and in which:

- Figure 1 depicts a lithographic apparatus according to an cmbodiment of the invention;

- Figure 2 depicts details of a lithographic apparatus according to a further cmbodiment of the
invention;

- Figure 3 depicts a top view of a reference frame isolated from a base frame according to an
embodiment of the present invention showing certain components supported on the reference frame;
- . Figure 4 depicts an underside view of the reference frame isolated from the base frame as
shovm in Figure 3; -

- Fignre 5 depicts details of a reference frame and a projection lens and a thermal conditioning
syslem, and

- Figures 6-8 show results obtained according to an embodiment of the present invention.

Figure 1 schematically depicts a lithographic apparatus according to a particular embodiment of the

invention. The apparatus comprises:
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- an illuminatien system {illuminator) IL lor providing a projection beam PB of radiation (¢.g.
UV radiation or EUV radiation).
- a first support structure (e.g. a mask lable} M1’ for supporting patteming means (e.g. a mask)
MA and connected to first positioning means PM for accurately positioning the patterning means
with respect to item PL;
- a subsirate table (e.g. a wafer table) WT for holding a substrate (e.g. a resist-coated wafer) W
and connected to sceond positioning means PW for accurately pesitioning the substrate with respect
to item PL; and
- a ptojection system (c.g. a refractive projection lens) PT. [or imaging a pattern imparted to the
projection beam PB by pallerning means MA onto a target portion C (e.g. comprising one or more
diesy of the substrate W,

As here depicted, the apparalus is of a transmissive type (e.g. employing a transmissive mask).
Aliernatively, the apparatus may be of a reflective type (e.g. employing a programmable mirror

array of & type as referred to above).

The illuminator IL receives a beam of radiation from a radiation source SO. The source arul

the lithographic apparatus may be scparate cntitics, for example when the source is an excimer laser.

In such cases, the source is not considered to form part of the lithographic apparatus and the
radiation beam is passed from the source SO to the illuminator IL with the aid of a beam delivery
system BID comprising for example suitable directing mirrors and/er a beam expander, In other
cases the source may be integral part of the apparatus, for example when the source is a mercury
lamp. The sourcc SO and the illuminator 1L, together with the beam delivery system BD if requized,
may be referred to as a radiation system.

The iltuminater IL may comprise adjusting means AM for adjusting the angular intensity
distribution of the beam. Generally, at least the puter and/or inner radial extent (commonly referred
1o as c-outer and o-inner, respectively] of the intensity distribution in a pupil plane of the
illuminator can be adjusted. In additien, the illuminstor 1L generally comprises various other
companents, such as an integrator IN and a condenser CO. The illuminator provides a conditioned
beam of radiation, referred to as the projection beam PB, having a desired uniformity and intensity

distribution in its cross-section.

P-1743.020



10

20

25

30

(30) JP 2009-16868 A 2009.1.22

10

The projection beam PB is incident on the mask MA, which is held on the mask table MT.
Having traversed the mask MA, the projection beam PB passes through the lens PL, which focuses
the beam onlo a target portion C of the substrate W. With the aid of the second positioning means
PW and position sensor IF (e.g. an interfcromctric device), the substrate table WT can be moved
accurately, e.g. 5o as Lo position dilTerent furget portions C in the path of the beam PB. Similarly,
the first positioning means PM and another position scnsor (which is not cxplicitly depicted in
Figure 1) can be used to accurately position Lhe mask MA with respect to the path of the beam B,
.g. after mechanical retrieval from a mask library, or during a scan. In general, movement of the
ohjcot tablcs MT and WT will be realized with the aid of a long-stroke module (coarse positioning)
and a short-stroke module (fine positioning), which form part of the positioning means PM and PW.
However, in the casc of a stepper (as opposed to a scanner) the mask table MT may be connected to
a short siroke acluator only, or may be fixed. Mask MA and substrate W may be aligned using mask
alignment matks M1, M2 and substrate alignment marks P1, P2,

The depicted apparaius can be used in the following preferred modes:

1.  In step mode, the mask table MT and the substrate table WT are kept cssentially stationary,
while an cnlire paticrn imparted to the projection beam is projected onlo a target portion C in one go
{i.e. a single static exposure). The substrate table WT is then shifted in the X and/or Y direction so
that a different target portion C can be exposed. In step mode, the maximum size of the exposure
field limits the size of the taxget portion C imaged in & single static exposure.

2. In scan mode, the mask table MT and the substrate table WT are scanned synchrotously while
a pattemn imparted lo the projection beam is projecied onto a target portion C (i.e. a single dynamic
exposure). The velocity and dircetion of the substrate table WT rclative to the mask table MT is
determined by the {(de-)magnification and image reversal characteristics of the projection system PL.
In scan mode, the maximum size of the exposure field limits the width (in the non-scanning
direction) of the target portion in a single dynamic exposure, whereas the length of the scanning
motion determines the height (in the scanning direction) of the target portion.

3.  Inanother mode, the mask table MT is kept essentially stationary bolding & programmable
patterning means, and the substrate table WT iz moved or scanned while a pattern imparted to the
projection beam is projected onto & larget portion C. In this mode, generatly a pulsed radiation
source is employed and the programmable patterning means is updated as required after ecach

movement of the substrate table WT or in between successive radiation pulses during a sean. This
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mode of opcration can be readily applied to maskless lithography that utilizes programmable

pallerning means, such as a programmable mirror array of a type as refersed to above.

Combinations and/or variations on the above described modes of use or entirely different
modes of use may also be employed.

Also shown in Figure 1 are two frames : a reference frame MF, which is also known as a so-
called "metrology” frame, and « base frame BF. The reference frame MF provides a referenee
surface with respeet Lo which the wafer is measured, and is mechanically isclated from the main
apparatus structure. Typically, the reference frame MF is dynamically and thermally isolated. In
particular, the reference frame MU is isolated from the base frame BF shown in Figure 1. The
reference frame MF supports sensitive components such as the interferometer IF and other position
sensors. Additionally, depending on the particular lithographic apparatus, the referenee frame may
also support the projections system PL. Further, the reference frame isolates thase components
supported thereon from vibration. Whilst the reference frame MF supports & metrology system, such
as interferometer IV, and optionally also the projection system PL the base frame supports other
componeris. In particular, the base frame BF supports a vibration isolation system VT for
mechznically isolating the reference frame MF from the main apparatus structure. Additionally, and
oplionally, the base frame may support other components, such as the wafer stage WT (not shown
in Figure 1) including the long stroke motor, and the reticle stage MT. In one embodiment, the base
frame BY is in contact with the fabrication floor, alternatively, it is not. The vibration isolation
systern VI may be renlised for example, as airmounts or other equivalent systems, such as a
magnelic system, a mechanical system comprising low stiffness mechanical beams, or a fluid based
system, which provide a resilient support for the reference frame MF with a low elastic coefficient,
In a prefemred embodiment, the vibration iselation sysicm is disposed between the base frame BT
and the reference frame RF. It is noted that the airmounts are suitable Tor use in a lithographic
apparatus operating under a vacuum or atmospheric conditions.

The reference frame MF may be realised for example as a heavy table. According to the
present invention, the reference frame MF is made of & material having a high coefficient of thermal
expamsion. Such matenals may include, but are nat 1imited to aluminium, aluminium alloy, titanium,
iron, cast-iron, stezl, stainless steel, copper, a ceramic material, concrete, granite, porcclain or

combinations of these materials, for example, in a composite, sandwich or laminated structure.
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Table 1 shows some typical properties of some suitable construction materials are shown.

Additionally, to aid comparision, values of the same properties arc shown for Invar, which is a

conventional material.
Material Coefficient of Specificheat | Thermal Mass Modules
thermal expansion | (J/itkg K)) conductivity density of
(x109/K) {(Wi(mK)) (ke/m*)y | elasticity
N/mra?)
Invar 1.5 300 13 8030 140000
{conventional) _
aluminium alloy 24 900. 120 2660 71000
{cg. AAS0R3 O) o
steel (eg. Fe 360) 12 460 57 7850 2103000
stainless stecl (eg. 16 500 16 7900 210000
304(L) or 316(L))
cast iron (eg. 12 500 33 7100 170000
GJ8400-15) ' 7
copper 17 | 3%0 390 8000 120000
cerarnic material 3 700 170 2950 410000
{eg. SiSiC)
porcelain 2400 800 5 2400 104000
grimite 2650 820 3.5 2650 30000

Table 1 Tt is further noted thal aluminium alloys have a coefficient of thermal expansion typically in
the region or around 23 to 74.5 x10°%K.
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The reference frame M is built up from 2 monolithic part, in other words a solid block, It may be
cast or machined out of one block.

It has been (ound that a reference frame MF made in this way from aluminium, for example, has
approximately the same mass as a conventional reference frame. Thus, its integration into the
lithographic appuratus, in particular, with respect to its interface with the vibration isolation system
V1, is very easily achieved. Further, it has been found surprisingly that the temperature environment
around the reference frarne i3 stable, which leads (o an expected 2 nanometres drift over minutes for
5 metres,., which matches the tolerances achieved by conventional reference frame malerials, such
as Invar, which have a much lower coefTicient of thermal expansion than those materials considered
according to the present invention. It has been found that the dynamic performance of the reference
frame made from materials which might be expected to exhibit poor dynamic performance due to
their higher coefficient of thermal expansion, contrary to cxpectations exhibit a dynamic
performance within those tolcrances required in conventionzl lithographic apparatuses. Further, the
cenire of gravity can readily be adapted without sinificant influcnce on the dynamical performance.
In ope alternative embodiment, the reference frame MF is provided which is heavier than
conventionel reference frames, This is achieved, for example, by increasing its dimensions and/or
by selecting a material, such as iron, which has a higher density. Tt has been found although such a
heavier reference frame requires recalibration of the vibrational isolation system VI, it provides the
further advantage that the dynamic performance of the reference (rame MF is improved.

Cne suitable matetial is aluminiurn, alloy of the type AAS083 (Al-4.4Mg-0.7Mn-0.15Cr). Tt is noted
with respect to AAS083 or similar alloys, that it has the advantage that it has a very low internal
stress level. This provides advantages in terms of machining a block. of the material to form a

reference frame MF and in terms of'the long term stability of the reference frame.

It will be vnderstood that, in addition, other aluminium based alloys may also be used., .

With respect to the specific heat and the thermal conductivity, it has been found that the specific
heat is preferably higher than about 606 J(kgK) and/or the thermal conduectivity is preferably higher
than about 20 W/(m K).

Opticnally, a cooling system may be incorporated either in or on the reference frame MF to
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improve the thermal stability. A fluid cooling system, such as water or air ¢ooling, may be used to
coul the reference structure. According to thosc embodiments, where the projection system PL is
supported by the reference frame MT, the cooling system may be adapted in or on the reference
frame to additionally cool the projection systen.. In particular, a cooling system provides long term
stability and provides short recovery time after thermal drift (for examnple, as experience after
service, maintcnance, installation, etc.),

Figure 2 depicts details of a lithographic apparatus according to a further cmbodiment of the
invention. In particular, Figure 2 shows & roference frame MF which is suitable for use ina
‘T'winScan lithographic apparatus. A TwinScan appatatus allows measmement at 4 measwement
station 2 of one substrate W1 prior to exposure whilst exposure at an exposure station 4 of 2
different substrate W2 takes place. Whilst the subsirate W1 is in the measurement station 2, a first
interferometer IF1 including a first Z-mirror ZM1 is provided to produce a "substrate map" of the
substrate, that is the interferometer IF1 maps the contours of the substrates surface, so that in the
exposure stage distortions in the surfacc of the substrate can be compensated for. Whilst the
substratc W2 is at the exposure station 4, a second interferometer IF2 including a second Z-mirror
£M?2 ensures that the "substrate map" produced in the measurement stage for substrate W2 is
faithfully reproduced. In ihis particnlar embodiment, the reference frame ME supports both the
metology system IF and the projection system PL. In certain lithographic apparatses, the reference
frame MF may comprise a first reforence frame portion on which the components providing
measuring functionality are mounted and a second reference frame portion on which the
components providing the cxposure measuring finctionality are mounted. These two frame portions
arc then Lypically mounted, for example, by bolting either to cach other or to an additional mountng
frame. In embodiments, whete the reference frame comprises more than one frame portion, each
frame portion may be provided with its own vibration isolation system, respectively. Alternatively, a
single vibration isolation system may be provided. Figure 2 further shows an cxample ol thermal
conditioning system WC, for example, a cooling system, in particular a water cooling system WC
which is formed in the reference frame MF. As shown, the reference frame MF is provided with
ducts within the frame structure info which via infets 6 a cooling liquid is introduced, and out of
which via outlets § the cooling liquid leaves the siructure. The ducts arc formed so as to provide

circulating cooling around that portion of the reference frame MF disposed opposite the
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measurement station 2 and exposure station 4, respectively. The cooling sysiem includes one or
more cooling circuits. In the particular embodiment shown in Figure 2, two cooling circuits are
shown. In an alternative embodiment cooling may be provided by one cooling circuit. In a particular
embodiment, a single cooling circuit may provide a cooling fluid to both the projection lens PL and
the reference frame MF. The remaining components shown in Figure 2 correspond to those shown

and described with respect to Figure 1 and are not described bere further.

Figure 3 depicts a top view of a reference frame isolated from a base frame according to an
embodiment of the present invention showing certain components supported on the reference frame
MF. In particular, Figure 3 shows more detail with respect to the isolated relationship between the
reference frame MY and the base frame BE and shows in greater detail the reference frame Mfand
those components mounted thereon. )

In the embodiment shown in Figure 3 the reference frame MF comprises & first portion 3 and a
second portion 5, wherein the first portion and the second postion are machined from first and
second blocks respectively. Alternatively, they may be cast. The first and second portions 3,5
cooperate with one another to form the reference frame MF. In particular, the first portion setves to
support nter afia those components for carrying out the measuring stage and the exposing stage.
For example, such components such as the projection lens PL, the level sensor module LS which
senses the level of the substrate at the measuring position, the alignment module AL, which assesses
the alignment of the substrate at the measuring position. Other components may be mounted on the
underside of the reference frame MF. Thesc are described and shown with reference to Figure 4. In
the embodimernt shown in Figure 3, the sccond portion 5 supports the vibration isolation system VI,
which serves to isolate the reference frame MF from the base frame BF. 1L is in the form of a bridge
wherein bridge support portions 7, 8 are disposed on the first portion 3. A portion 10 extending the
length of the bridge is supported by bridge support portions 7, 8. Al opposite ends 9 of the
extending portion 10 are vibration isolation sysiem supporting portions 9. The airmounts AM which
form the vibration isolation system VI in Figure 3 are disposed between pottions 9 and the base
frame BF. Via the bridge 5, the vibration isolation from the base frame BT afforded by the
airmounts AM is transferred to the components movnted on the first portion 3. In the cmbodiment

shown in Figure 3, three airmounts arve provided: one at either end of the bridge portion, a third (not
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shown in Figure 3, but shown in Figure 4), is disposed between ihe reference frame MF and the
base frame BF al the apposite end in a longitudinal direction of the first portion of the reference
framc MF. The inveniion, is not howevef, limited in this respect, and it will be understocd that the
vibration isolation system VI may be realised in a number of abernative ways, with respect both to
the nature of the system and the number and arrangement of the system: components,

In en aiternative embodiment to that shown in Figure 3, the reference frame MF is comprises of a
single portion, wherein the functionalities desctibed above with respect to the first and second
portion are combined inte a single portion.

Also shown in Figure 3, the reference frame has a highly infrared reflective surface CO. This may
be achieved by applying a coating to at least a part of the outer surface of the reference frame The
coating covers the surface of the reference frame. It may cover at least the surface of a part of the
reference frame MF. The coating is of u metal material such as nickel. Alternatively, a highly
infrared reflective surface may be formed by polishing or surface treating the sucface of the

reference [rame MF.

Figure 4 depicts an underside view of the reference frame MF isolated from the basc frame BE
as shown in Figure 3. In particular, those components mounted on the underside of the reference
trame are shown. Thesc include the intsrferometers [F1 arranged to carry out. Functions at the
measuring station 2 and the interferometers IF2 arranged to cany out functions at the exposing
station 4, Associated with each of these interferometers IF1, IF2 arc associated Z~mirrors ZM1 .
ZM2, respectively. Also shown at the measuring station 2 is a substrate chuck SC which serves to
support a substraic W. Once the measuring stage has been cartied out, the substrate chuck SC
moves trom an aligned position with the theasoring station 2 to an aligned position with respect to
the exposing station 4. As mentioned previously, in one embodiment twe substrate chucks are
provided on which respective substrates are supported. The chucks are positioned and moved with
respeet to one another so that a first substrate may be measured at the measuring station 2 whilst a
second substrate is exposed at the exposing station 4. Such an arrangement increases the throughput
of substrates through the lithographic apparatus.

In addition, Figure 4 shows the vibrational isolation of the reference frame MF with respect to the
base frame BF by virtuc of a further airmount AM which is provided between part of the first
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portion 3 of the reference frame MF and the base frame BF. Also seen, is one of the airmounts AM
mounted between the second portion 5 and the base frame BFE.

It is desirable that the temperature control of the projection lens PL, the reference frame MF,
interferometers IF and other sensors is at the milliKelvin level and below. For 2 reference frame MF
made of a material such as aluminium, it is desirable that the temperature control is of the order of
0.1mE/ 5 minutes. It is further desirable lhat the teneperature stability of the environment of the
projection lens PL, reference frame MF, interferometers IF and other sensors is in the order of 30
miC. It has been found that conventional lithographic apparatuses do not provide such temperature

control.

In conventionat lithographic apparatuses, a temperature sensor is provided only on the projection
system. Only such a lens sensor is used for detcrmination of the temperature set point for the
thermal conditioning system for the supply of water in a lens circuit water cabinet {(LCWCYanda
motor circuit water circuit (MCWC) and air in an air control cabinct {ACC). Due to the large time
constant and becayse of the thermal isolation of the lens, it has been found that the lons is
ingensitive 1o environmental temperature fluctuations. On the other hand, the reference frame MF
and other temperature critical components are much more sensitive. Thergfore, by sensing the
temperature of the rcference frame MF as well as the projection lens, both long term and short term
fluetuations can be detected and accounted for. In one embaodiment of the present invention, a
reference frame MF of a material such as aluminium, which has a high coefficient of thermal
expansion, the refercnce frame MF may be thermally conditioned, for example, with a water
conditioning system. In a further embodiment, the refercnce frame MF is conditioned with the same
water that conditions the projection system, in particular, the projection lens. Since the aluminium
reference frame MF is more sensitive to environrmental temperature flucteations than a conventional
reference frame, to compensate for a shorl term epvironmental temperatwe fluctuation, for example,
the effect of actuator or a cover opening and closing, the temperature of the reference frama MF is
sensed, and the temperature sensed is preferably used in the temperature control algorithm for
compensation of the short term environmental temperature fluctuations. In a further cmbodiment,

the temperature of the projection system PL is sensed with a scnsor, for example, disposed on the
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projection lens, the lemperature sensed is preferably used in combination with the temperature of

the reference frame in the control algorithm for compensation of the long term environmental
temperature {luctuations. It is desired to control the long term temperature of the apparatus, because
the temperature of, in particular, the projection system is preferably to be kept stable at an operating
temperature. A typical operating temperature being around 22 degrees Celcius. It has been found
that both the long and short term temperature fluctualions may be controlled in a single centrol loop,

as described in more detail below.

Figure 5 depicts details of a reference frame MF, a projection lens PL and a thermal
conditioning system 20. By conirolling the temperature of in particular, the reference frame MF and
projection lens PL, the thermal stability of the lithographic apparatus is improved. In particular, by
controlliag the temperature of the reference frame having a high coefficient of thermal expansion, of
a material, such as aluminiurn, the thermal stability of the frame is improved, 8ince a reference
frame MT of alunyinium is more sensitive to environmental tcmperature Huctuations than
conventional refercnce {rames made of invar,

In Figure 5 a control loop is used to regulate the temperature of at least one of the projection lens PL
and the reference frame MF. In this embodiment at least one first temperature sensor 21 is provided
for sensing a temperature of the reference frame MF. A firther second temperature sensor 22 may
be provided on the projection lens PL for sensing a temperature of the projection lens PL. The
temperature scnsors may comprise a device whose resistance is dependent on a temperature. The
thermal conditioning system 20 is provided for controlling the {emperature of at least one of the
teference framc MF und the projection system PL based on the lemperatures sensed by at least one
of the first and second temperature sensors 21, 22. In one embodiment, the temperature of the
reference frame M and the projection lens PL are controlled on the basis of the temperatures
sensed by both the first and second temperature sensors 21, 22. The thermal conditioning system 20
comprises a control circuit 24 for controlling an amount of heat transported to or from at [east one
of the reference frame MF and the projection lens PL. A temperature regulating element 26 is
provided. The temperatre regulating element 26 is arranged to heat and/or cool a fluid transported
in a heat transporting system. The control circuit 24 is disposed between the temperature sensors 21,
22 and the temperature regulating element. The control circuit 24 is arranged to regulate the amount
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of heating so that a senscd temperature is regulated towards 2 set temperature, The control circuit 24
provides a control signal to the temperature regulating element 26 to contro? the heater and/or caoler
depending on the control signal. The thermal conditioning system 20 further comprises a heat
transporling system 28, 30, 32, 34, 36, 38. The temperature regulating element 26 is disposcd in
thermal contact with a heat transporting system 28, 30, 32, 34, 36, 38. The temperature regulating
system 26 regulates the amount of heat transported by the heat transporting system 28, 30, 32, 34,
36, 38. The beat transporting system 28, 30, 32, 34, 36, 38 is further disposed in thermal contact
with at least one of the reference frame MF and the projection lens PL, for transporting heat to or
from the at least onc of the reference frame MF and the projection lens PL. [n particolar, the heat
transporting system 28, 30, 32, 34, 36, 38 comprises a supply duct 28, 36, 38 for supplying a
conditioning medium 34 to the reference frame MF and the projcction lens PL. The conditioning
medium may be a fluid, such as water. The supply duct 28, 36, 38 is arranged to extend through
portions of the reference frame MF and projection Jens PL. In particular, the supply duct 38
comprises an enclosed channel formed in the reference framc MF, the supply duct 36 comprises an
enclosed channel formed in the projection lens or projection system PL. The enclosed channels 36,
38 are arranged to extend within the reference frame MF and projection system PL so that (hey do
not affect the functionality of these components. A circulation pump 30 is provided in the supply
duct 28, 36, 38. In addition, or alternatively to the cooling element of the temperature regulating ‘
system 26, may be provided a cooling element (not shown) upstream of the temperature regulating
system 26, arranged Lo remove excess heat from the conditioning medium 34. In Figure 5, one fitst
and second temperature sensor 21, 22 are shown. In a further erubodiment, a phrrality of frst
temperature sensors and a plurality of second temperaturc sensors are provided. In this case, the
average control circuit determines and regulates an average sensed temperature. The conditioning
medium 34 may be cooled by a regulated amount instead of heated. In figure 5 the conditioning
medium 34 is flowing sequentially through the reference frame MF and projection lens PL, in an
alternative embodiment this flow can also be parallel towards the reference frame MF and the
projection less PL. Tn an alternative embodiment, a flow rate of the eonditioning medium 34 may be
regulated in order to conteol the heat transported by the heat transporling system. In a further
alternative embodiment, rather than comprising 4 closed supply duct 28, as shown in Figure 5, the

supply duct 28 may comprise an open pipe through which fresh conditioning medium is introduced.
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The heat transport system does not require that the conditioning medium be cirenlated through the

system.

In particuiar, the control circuit 24 is awanged to be responsive to the temperature sensed by at least
one of the first and second temperature sensors 21, 22, the temperature regulating element 26 is
responsive to the control cirenit 24 and is in thetmal contact with the heat transporting systcm 28,
30, 32,34, 36, 38, 50 that a set temperature is reached in at least one of the reference frame MF and
the projection lens PL. In a further particular embodiment, the control circuit 20 is arranged to take
the temperature sensed by the first ksmperatore sensor 21 into account in compensating for a short
term environmental temperature fluctuation. In this way, short term temperature Auctuations, such
as the effect of actuator, covers opening and closing can be compensated for, In particular, short
term environmental temperature effects on the reference frame are compensaled to prevent short
term thermal drift of the frame and sensors. In a further embodiment, the control circuit 20 is
arranged to take the femperature sensed by the sccond termperature sensor 22 into account in
compensating for a long term environmental temperature fluctuation. In this way, the temperature of
in particular, the projection lens PL is maintained at a constant temperature, since for consistent
imaging quality, it is desirable that the projcction lens PL be maintaincd at a constant reference
temperature. In particular, the lens may be maintained at a refercnce temperature of, for example,
22 degrees Celcius. In one embodiment, the compensation of short and long term fluctuations is
achieved in & single control loop. In a further cmbodiment, the heat transporting system 28, 30, 32,
34, 36, 38 transports heat to or from the reference frame MF and the projection lens PL. In this way,
both the reference frame MF and projection lens PL are maintained ai a predeternined set
temperature without adding substantially to the complexity of the control of the lithographic
apparatus. In one embodiment, a gas supply, such as an air shower, provides a gas to a location
between the projeciion system PL and the substrate W, wherein a temperature of the gas supplied to
the location is determined by the temperature of said conditioning fluid. Since the airshower
temiperature is determined by the lens cooling water as supplied by supply duct 36, 2 more thermally

stable overall system is achieved.

Figures 6-3 show results obtained according to an embodiment of the present invention. In
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Figures 6-8, the trace 60 is the lens temperature (CiLasTempFM), trace 61 is the temperature of the
setpoint of the lens cooling water (CtLesSetp), trace 62 is the temperature of the reference [rame at
the measure side (CtMfMeasTemp) and trace 63 is the temperature of the reference frame at the
expose side (CtMTExpTemp).

Figure 6 shows experimental results achieved according to an embodiment of the present invention,
in which the reference freme MF was aluminium. In particular, in Figure 6 the temperalure recovery
is achieved using the lens sensor 22 and during exposurc of a substrate W the reference frame ME
sensor 21 is used. Tt is seen that the long term drift of the lens PL is not corrected in this
measuremcat. In a preferred embodiment both the sensor 21 which senses the temperature of the
reference frame MF and the sensor 22 which senses the temperalure of the projection lens PL are
used in the control algorithm to prevent this long term lens temperature drift observed in Figure 6.

Figure 7 shows detail of the results shown in Figure 6. In particular, Figure 7 shows the results
around the exposure phase. The correction for the short term experimental drift can be seen. At
ayound 20.00h an exposure was started resulting in an environmental temperature increase of about
20 mK, this resulfs in a temperature decrease of the LCW setpoint. Around 10.00h the covers were
removed from the electronic cabinets resulting in a sudden decreuse of the environmental air. This is
accounted for by the control by a sudden temperature increase of the setpoint. As shown in Figure 7,
the temperatore of the reference frame MF is seen to rernain stable.

Figure 8 shows detail of the results shown in Figure 6. In particular, Figure 8 shows the
experimental results zoomcd in at the reference frarce MF temperature. It can be seen that at all
times the temperature fluctuation are in the order o[ 0.1 mK, which corresponds to a measurcment,
errar of 1 nm, except when the covers are removed. It is commented that the removal of the covers
can be regarded as an exceptional sitmation. Even then, the results shown in Figure 8 show that the
recovery for this action is very quick.

While specific embodiments of the imvention have been described above, it will be appreciated that
the invention may be pracﬁcéd otherwise than as described. The description is not intended to limit

the invention.
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What is claimed is:

1. A lithographic apparatus comprising:

an illumination system for conditioning a beam of radiation;

a support for supporting a patterning device, the patterning device serving to impart
the beam of radiation with a pattern in its cross-section;

a substrate table for holding a substrate;

a projection system for projecting the patterned beam onto a target portion of the
substrate;

an isolated reference frame for providing a reference surface; and

a measuring system for measuring at least one dimension of the substrate with respect
to said reference surface,

wherein said reference frame comprises a material having a coefficient of thermal
expansicn of greater than about 2.9x10°% /K.

2. A lithographic apparatus according to claim 1, wherein said reference frame supports
the measuring system for measuring the at least one dimension of said substrate prior

to its exposure.

3. A lithographic apparatus according to claim 1, wherein said reference frame supports

said projection system.

4, A lithographic apparatus according to claim 1, wherein said reference frame
comprises a material from the group consisting of: aluminium, aluminium alloy,
titanium, iron, cast-iron, steel, stainless steel, copper, a ceramic material, concrete,

granite, and porcelain.

5. A lithographic apparatus according to claim 4, wherein the reference frame is a
composite, sandwich, or laminated structure.

6. A lithographic apparatus according to claim 1, wherein said reference frame
comprises a solid block of material.

7. Alithographic apparatus according to claim 6, wherein said solid block is machined to

form said reference frame.
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8. A lithographic apparatus according to claim 7, wherein said reference frame
comprises a first and second portion.

6. A lithographic apparatus according to claim 8, wherein said apparatus further
comprises a vibration isolation system provided for at least one of said first and said
second portions for isclating at least one of said first portion and said second portion,

respectively, from vibrations generated in said apparatus.

10. A lithographic apparatus according to claim 1, wherein said reference frame is
provided with a thermal conditioning system for controlling the temperature of said

projection system with respect to said reference frame.

11. A lithographic apparatus according to claim 10, wherein said thermal conditioning
system conditions said reference frame and said projection lens with a conditioning
fluid.

12. A lithographic apparatus according to claim 1, wherein said reference frame is
provided with a highly infrared reflective surface.

13. A lithographic apparatus according to claim 12, wherein said surface is provided by
a coating of a metal.

14. Alithographic apparatus according to claim 13, wherein the metal comprises nickel.
15. Alithographic apparatus according to claim 1, wherein said reference frame is made
of a material having a specific heat of greater than about 600 J/(kgK) and/or having a
thermal conductivity of greater than about 20 WAmEK).

16. A lithegraphic apparatus according to claim 1, wherein said apparatus further
comprises a vibration isolation system provided for said reference frame for isolating

said reference frame from vibrations generated in said apparatus.

17. A lithographic apparatus according to claim 9, wherein said apparatus further

comprises a base frame for supporting said vibrational isolation system.

18. A lithographic apparatus according to claim 1, wherein said reference frame is
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provided with a first temperature sensor for sensing a temperature of said reference

frame.

19. A lithographic apparatus according to claim 18, wherein said projection system
comprises a projection lens, wherein said projection lens is provided with a second

temperature sensor for sensing a temperature of said projection lens.

20. A lithographic apparatus according to claim 19, further comprising a thermal
conditioning system for thermally conditioning said reference frame and/or said
projection system based on the temperatures sensed by said first and/or second

temperature sensors.

21. A lithographic apparatus according to claim 20, wherein said thermal conditioning

system comprises:

a control cireuit for controlling an amount of heat transported to or from said reference
frame and/or said projection lens;

a temperature regulating element; and

a heat transporting system, wherein the temperature regulating element regulates the
amount of heat transported by said heat transporting system, wherein said heat
transporting system is in thermal contact with said reference frame and/or said
projection lens, for transporting heat to or from said reference frame and/or said
projection lens, wherein said control circuit is arranged to be responsive to the
temperature sensed by said first and/or second temperature sensors, said
temperature regulating element being responsive to said control circuit and in
thermal contact with said heat transporting system, so that a set temperature is

reached in said reference frame and/or said projection lens.

22. A lithographic apparatus according to claim 21, wherein said control circuit is
arranged to take the temperature sensed by said first temperature sensor into account

in compensating for a short term environmental temperature fluctuation.
23. A lithographic apparatus according to claim 21, wherein said control circuit is
arranged to take the temperature sensed by said second temperature sensor into

account in compensating for a long term environmental temperature fluctuation.

24. A lithographic apparatus according to claim 21, wherein said thermal conditioning
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system comprises a single control loop for controlling the temperature of said reference

frame and said projection lens.

25. A lithographic apparatus according to claim 21, wherein said heat transporting
system comprises a conditioning fluid which is heated or cocled to said set temperature.

26. A lithographic apparatus according to claim 25, further comprising a gas supply for
providing a gas to a location between said projection system and said substrate, wherein
a temperature of the gas supplied to the location is determined by the temperature of
said conditioning fluid.

217. A device manufacturing method comprising:

conditioning a beam of radiation;

patterning the beam of radiation;

projecting the patterned beam of radiation onto atarget portion of a substrate:

using an isolated reference frame to provide a reference surface, said reference frame
comprising a material having a coefficient of thermal expansion of greater than
about 2.9x10%/K; and

measuring at least one dimension of the substrate with respect to the reference surface.
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26
ABRSTRACT
Lichographic Apparatus and Device Manufacturing Mcthod
A lithographic apparatus is provided comprising a substrate table WT for holding a substrate W, a
projection system PL for projecting the patlemed beam onto a target portion of the substrate W, and
an isolated reference frame MF for providing a relerence surface with respect to which ths substrate
W is measured, wherein the reference frarne MF comprises a material having a high cocfficient of

thermal expansion.

Fig. 3
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