
1  Lithographic Apparatus and Device Manufacturing Method The present
invention relates to a lithographic apparatus and a device manufacturing
method. 5 A lithographic apparatus is a machine that applies a desired
pattern onto a target portion of  a substrate. Lithographic apparatus can
be used, for example, in the manufacture of integrated  circuits (ICs),
flat panel displays and other devices involving fine structures. In a
conventional  lithographic apparatus, a patterning means, which is
alternatively referred to as a mask or a  reticle, may be used to generate
a circuit pattern corresponding to an individual layer of the IC 10 (or
other device), and this pattern can be imaged onto a target portion (e.g.
comprising part of,  one or several dies) on a substrate (e.g. a silicon
wafer or glass plate) that has a layer of radiation- sensitive material
(resist). Instead of a mask, the patterning means may comprise an array of
individually controllable elements which serve to generate the circuit
pattern. In general, a single substrate will contain a network of adjacent
target portions that are  15 successively exposed. Known lithographic
apparatus include so-called steppers, in which each  target portion is
irradiated by exposing an entire pattern onto the target portion in one go,
and so- called scanners, in which each target portion is irradiated by
scanning the pattern through the  projection beam in a given direction (the
"scanning"-direction) while synchronously scanning the  substrate parallel
or anti-parallel to this direction. 20 Presently used arrays of
individually controllable elements include the following: A programmable
mirror array. This may comprise a matrix-addressable surface having a
viscoelastic control layer and a reflective surface. The basic principle
behind such an apparatus  is that (for example) addressed areas of the
reflective surface reflect incident light as diffracted  light, whereas
unaddressed areas reflect incident light as undiffracted light. Using an
appropriate 25 spatial filter, the said undiffracted light can be filtered
out of the reflected beam, leaving only the  diffracted light to reach the
substrate; in this manner, the beam becomes patterned according to  the
addressing pattern of the matrix-addressable surface. It will be
appreciated that, as an  alternative, the filter may filter out the
diffracted light, leaving the undiffracted light to reach the  substrate.
An array of diffractive optical MEMS devices can also be used in a
corresponding 30 manner. Each diffractive optical MEMS device is comprised
of a plurality of reflective ribbons  that can be deformed relative to one
another to form a grating that reflects incident light as 



2  diffracted light. A further alternative embodiment of a programmable
mirror array employs a  matrix arrangement of tiny mirrors, each of which
can be individually tilted about an axis by  applying a suitable localized
electric field, or by employing piezoelectric actuation means. Once  again,
the mirrors are matrix-addressable, such that addressed minors will reflect
an incoming 5 radiation beam in a different direction to unaddressed
minors; in this manner, the reflected beam  is patterned according to the
addressing pattern of the matrix-addressable minors. The required  matrix
addressing can be performed using suitable electronic means. In both of the
situations  described hereabove, the array of individually controllable
elements can comprise one or more  programmable mirror arrays. More
information on minor arrays as here referred to can be 10 gleaned, for
example, from United States Patents US 5,296,891 and US 5,523,193, and PCT
patent applications WO 98/38597 and WO 98/33096, which are incorporated
herein by reference.  - A programmable LCD array. An example of such a
construction is given in United States  Patent US 5,229,872, which is
incorporated herein by reference. Conventional devices used as arrays of
individually controllable elements, as described  15 above, are difficult
to manufacture and, consequently, the yields for their manufacturing
processes are low. This results in increased costs. Furthermore, reducing
the pixel size on such  arrays of individually controllable elements
further increases the difficulty in manufacturing the  devices and
therefore further reduces the manufacturing yields. It is an object of the
present invention to provide an alternative array of individually  20
controllable elements for use in lithographic projection apparatus.
According to an aspect of the invention, there is provided a lithographic
apparatus  comprising: - an illumination system that conditions a
projection beam of radiation; - an array of individually controllable
elements serving to impart the projection beam with a  25 pattern in its
cross-section; - a substrate table that supports a substrate; and - a
projection system that projects the patterned beam onto a target portion of
the substrate;  wherein each of said individually controllable elements
comprises a stack of three  dielectric layers, at least the middle one of
said layers being formed of a solid state electro 



30 optical material, whereby on application of a control signal said
element may be selectively  changed between a first state in which there is
a greater difference in refractive index for one 3  polarization state
between the middle one of said three dielectric layers and the other two
layers,  and a second state in which there is a smaller difference in the
refractive index for said one  polarization state such that the proportions
of the radiation that is transmitted and reflected,  respectively, at the
boundary of the electro-optical material layer with at least one adjacent
layer  5 is different in said two states. Consequently, each element of the
array of individually controllable elements can, by the  application of a
control signal, change the proportion of the radiation that is reflected
and the  proportion that is transmitted through the stack. Such an array of
individually controllable  elements can be used as either a transmissive or
reflective array of individually controllable 10 elements. Furthermore, the
device is simpler to manufacture than conventional arrays of  individually
controllable elements because each individually controllable element is
formed from  several layers of material that can be sequentially deposited
on a substrate. Consequently the  manufacturing yield of such arrays of
individually controllable elements will be better than that  of
conventional devices, even if the size of each of the individually
controllable elements in the 15 array is smaller. In addition, because
there are no moving parts, such an array of individually  controllable
elements will be more durable. Conveniently, additional layers may be added
to the stack. This can be used to improve  the reflectivity of each
individually controllable element, especially if the thickness of each
layer  is one-quarter of the wavelength of the radiation used. 20
Preferably, alternate layers of the stack are formed from the material with
a fixed  refractive index and the remainder are formed from an
electro-optical material. The layers of  electro-optical material may be
arranged such that their respective extraordinary axes are  substantially
mutually parallel. Therefore, when these layers are set to have a
refractive index  that is relatively close to that of the fixed refractive
index layers, the individually controllable 25 element is relatively
transmissive but, when the refractive index of the electro-optical layers
is set  to a different level than that of the fixed refractive index
layers, the individually controllable  element is more reflective than if a
stack with a single layer of electro-optical material is used. 



Alternatively, the layers of electro-optical material may be arranged such
that alternate  layers are arranged such that their respective
extraordinary axes are mutually perpendicular. This  30 allows the
transmissive/reflective characteristic of each individually controllable
element to be independently controlled for radiation which is plane
polarized in two orthogonal directions. 4  Consequently, it is possible to
provide simultaneous patterning of a beam of radiation for dual  dipole
illumination, for example, effectively separately illuminating orthogonally
oriented  features of the pattern to be set on the array of individually
controllable elements. Layers of electro-optical material within a stack
that have mutually parallel respective 5 extraordinary axes can be set
together, as described above, for example for enhanced reflection,  or,
alternatively, different voltages can be applied to each. This may allow
independent control  of the reflective/transmissive characteristic of the
individually controllable element and the phase  shift of the radiation
introduced by the array of individually controllable elements.
Consequently, adjacent elements on the array of individually controllable
elements can be set to,  10 for example, reflect the same intensity of
radiation as one another but with a relative phase  difference. Thus it is
possible to form a phase-shifting array of individually controllable
elements. With a sufficient number of controllable electro-optical layers,
it is possible to provide  an array of individually controllable elements
that can control the phase and gray-scale of two  patterns for dual dipole
illumination. 15 Each of the layers of the electro-optical material within
the stack may have control signals  applied to it by individually
addressable electrodes. Alternatively, in order to simplify the  control of
the array of individually controllable elements, a group of layers of
electro-optical  material may share common electrodes if, for example, the
same control signal is always to be  applied to these layers. 20 According
to a further aspect of the invention, there is provided an array of
individually  controllable elements, configured to impart a beam of
radiation with a pattern in its cross-section,  wherein each of said
individually controllable elements comprises a stack of three dielectric
layers, at least the middle one of said layers being formed of a solid
state electro-optical material,  whereby on application of a control signal
said element may be selectively changed between a 25 first state in which
there is a greater difference in refractive index for one polarization
state  



between the middle one of said three dielectric layers and the other two
layers, and a second state  in which there is a smaller difference in the
refractive index for said one polarization state such  that the proportions
of the radiation that is transmitted and reflected, respectively, at the
boundary of the electro-optical material layer with at least one adjacent
layer is different in said  30 two states. According to a further aspect of
the invention, there is provided a device manufacturing 5  method
comprising: - providing a substrate; - conditioning a projection beam of
radiation using an illumination system; using an array of individually
controllable elements to impart the projection beam with a  5 pattern in
its cross-section; and - projecting the patterned beam of radiation onto a
target portion of the substrate,  wherein each of said individually
controllable elements comprises a stack of three  dielectric layers, at
least the middle one of said layers being formed of a solid state electro-
optical material, whereby on application of a control signal said element
may be selectively 10 changed between a first state in which there is a
greater difference in refractive index for one  polarization state between
the middle one of said three dielectric layers and the other two layers,
and a second state in which there is a smaller difference in the refractive
index for said one  polarization state such that the proportions of the
radiation that is transmitted and reflected,  respectively, at the boundary
of the electro-optical material layer with at least one adjacent layer  15
is different in said two states. The term "array of individually
controllable elements" as here employed should be broadly  interpreted as
referring to any means that can be used to endow an incoming radiation beam
with  a patterned cross-section, so that a desired pattern can be created
in a target portion of the  substrate; the terms "light valve" and "Spatial
Light Modulator" (SLM) are also used in this 20 context. It should be
appreciated that where pre-biasing of features, optical proximity
correction  features, phase variation techniques and multiple exposure
techniques are used, for example, the  pattern "displayed" on the array of
individually controllable elements may differ substantially  



from the pattern eventually transferred to a layer of or on the substrate.
Similarly, the pattern 25 eventually generated on the substrate may not
correspond to the pattern formed at any one instant  on the array of
individually controllable elements. This may be the case in an arrangement
in  which the eventual pattern formed on each part of the substrate is
built up over a given period of  time or a given number of exposures during
which the pattern on the array of individually  controllable elements
and/or the relative position of the substrate changes. 30 Although specific
reference maybe made in this text to the use of lithographic apparatus in
the manufacture of ICs, it should be understood that the lithographic
apparatus described herein 6  may have other applications, such as the
manufacture of integrated optical systems, guidance and  detection patterns
for magnetic domain memories, flat panel displays, thin-film 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 5 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 layer of  resist to a substrate and
develops the exposed resist) or a metrology or inspection tool. Where
applicable, the disclosure herein may be applied to such and other
substrate processing tools.  Further, the substrate may be processed more
than once, for example in order to create a multi 10 layer IC, so that the
term substrate used herein may also refer to a substrate that already
contains  multiple processed layers. The terms "radiation" and "beam" used
herein encompass all types of electromagnetic  radiation, including
ultraviolet (UV) radiation (e.g. having a wavelength of 408, 355, 365, 248,
193, 157 or 126 nm) and extreme ultra-violet (ELTV) radiation (e.g. having
a wavelength in the  15 range of 5-20 rim), as well as particle beams, such
as ion beams or electron beams. The term "projection system" used herein
should be broadly interpreted as encompassing  various types of projection
system, including refractive optical systems, reflective optical s Ystems
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  20 use of the term "lens"
herein may be considered as synonymous with the more general term
"projection system". 



The illumination system may also encompass various types of optical
components,  including refractive, reflective, and catadioptric optical
components for directing, shaping, or  controlling the projection beam of
radiation, and such components may also be referred to below,  25
collectively or singularly, as a "lens". The lithographic apparatus may be
of a type having two (dual stage) or more substrate  tables. In such
"multiple stage" machines the additional tables may be used in parallel, or
preparatory steps may be carried out on one or more tables while one or
more other tables are  being used for exposure. 30 The lithographic
apparatus may also be of a type wherein the substrate is immersed in a
liquid having a relatively high refractive index, e.g. water, so as to fill
a space between the final 7  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 array of individually
controllable elements and the first element of the projection system.
Immersion techniques are  well known in the art for increasing the
numerical aperture of projection systems. 5 Embodiments of the invention
will now be described, by way of example only, with  reference to the
accompanying schematic drawings in which corresponding reference symbols
indicate corresponding parts, and in which: - Figure 1 depicts a
lithographic apparatus according to an embodiment of the invention;  -
Figure 2 depicts an element that can be used to form a programmable
patterning means  10 according to the present invention; - Figure 3 depicts
a variant of the element shown in Figure 2; - Figure 4 depicts a further
variant of the element shown in Figure 2; and - Figure 5 depicts an
arrangement for using a programmable patterning means according to  the
present invention in a lithographic projection apparatus. 15 EMBODIMENTS
Figure 1 schematically depicts a lithographic projection apparatus
according to a particular  embodiment of the invention. The apparatus
comprises: an illumination system (illuminator) IL for providing a
projection beam PB of radiation  



20 (e.g. UV radiation); - an array of individually controllable elements
PPM (e.g. a programmable mirror array) for  applying a pattern to the
projection beam; in general the position of the array of individually
controllable elements will be fixed relative to item PL; however it may
instead be connected to a  positioning means for accurately positioning it
with respect to item PL; 25 - a substrate table (e.g. a wafer table) WT for
supporting a substrate (e.g. a resist-coated  wafer) W, and connected to
positioning means PW for accurately positioning the substrate with  respect
to item PL; and a projection system ("lens") PL for imaging a pattern
imparted to the projection beam PB  by the array of individually
controllable elements PPM onto a target portion C (e.g. comprising  30 one
or more dies) of the substrate W; the projection system may image the array
of individually controllable elements onto the substrate; alternatively,
the projection system may image 8  secondary sources for which the elements
of the array of individually controllable elements act as  shutters; the
projection system may also comprise an array of focusing elements such as a
micro  lens array (known as an MLA) or a Fresnel lens array, e.g. to form
the secondary sources and to  image microspots onto the substrate. 5 As
here depicted, the apparatus is of a reflective type (i.e. has a reflective
array of  individually controllable elements). However, in general, it may
also be of a transmissive type,  for example (i.e. with a transmissive
array of individually controllable elements). The illuminator IL receives a
beam of radiation from a radiation source SO. The source and  the
lithographic apparatus may be separate entities, for example when the
source is an excimer  10 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 BD comprising for example suitable directing mirrors and/or a beam
expander.  In other cases the source maybe integral part of the apparatus,
for example when the source is a  mercury lamp. The source SO and the
illuminator IL, together with the beam delivery system BD  15 if required,
may be referred to as a radiation system. The illuminator IL may comprise
adjusting means AM for adjusting the angular intensity  distribution of the
beam. Generally, at least the outer and/or inner radial extent (commonly  



referred to as (7-outer and a-inner, respectively) of the intensity
distribution in a pupil plane of  the illuminator can be adjusted. In
addition, the illuminator IL generally comprises various other 20
components, 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. The beam PB subsequently intercepts the array of
individually controllable elements PPM.  Having been reflected by the array
of individually controllable elements PPM, the beam PB 25 passes through
the projection system PL, which focuses the beam PB onto a target portion C
of  the substrate W. With the aid of the positioning means PW (and
interferometric measuring  means IF), the substrate table WT can be moved
accurately, e.g. so as to position different target  portions C in the path
of the beam PB. Where used, the positioning means for the array of
individually controllable elements can be used to accurately correct the
position of the array of 30 individually controllable elements PPM with
respect to the path of the beam PB, e.g. during a  scan. In general,
movement of the object table WT is realized with the aid of a long-stroke 9
module (course positioning) and a short-stroke module (fine positioning),
which are not  explicitly depicted in Figure 1. A similar system may also
be used to position the array of  individually controllable elements. It
will be appreciated that the projection beam may
alternatively/additionally be moveable while the object table and/or the
array of individually 5 controllable elements may have a fixed position to
provide the required relative movement. As a  further alternative, that may
be especially applicable in the manufacture of flat panel displays, the
position of the substrate table and the projection system may be fixed and
the substrate may be  arranged to be moved relative to the substrate table.
For example, the substrate table may be  provided with a system for
scanning the substrate across it at a substantially constant velocity. 10
Although the lithography apparatus according to the invention is herein
described as being  for exposing a resist on a substrate, it will be
appreciated that the invention is not limited to this  use and the
apparatus may be used to project a patterned projection beam for use in
resistless  lithography. The depicted apparatus can be used in four
preferred modes: 15 1. Step mode: the array of individually controllable
elements imparts an entire pattern to the  



projection beam, which is projected onto 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
target portion C imaged in a single static exposure. 20 2. Scan mode: the
array of individually controllable elements is movable in a given direction
(the so-called "scan direction", e.g. the Y direction) with a speed v, so
that the projection beam  PB is caused to scan over the array of
individually controllable elements; concurrently, the  substrate table WT
is simultaneously moved in the same or opposite direction at a speed V =
Mv,  in which M is the magnification of the lens PL. In scan mode, the
maximum size of the exposure 25 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. Pulse mode: the array of individually
controllable elements is kept essentially stationary  and the entire
pattern is projected onto a target portion C of the substrate using a
pulsed radiation  30 source. The substrate table WT is moved with an
essentially constant speed such that the projection beam PB is caused to
scan a line across the substrate W. The pattern on the array of to
individually controllable elements is updated as required between pulses of
the radiation system  and the pulses are timed such that successive target
portions C are exposed at the required  locations on the substrate.
Consequently, the projection beam can scan across the substrate W to
expose the complete pattern for a strip of the substrate. The process is
repeated until the 5 complete substrate has been exposed line by line. 4.
Continuous scan mode: essentially the same as pulse mode except that a
substantially  constant radiation source is used and the pattern on the
array of individually controllable  elements is updated as the projection
beam scans across the substrate and exposes it. Combinations and/or
variations on the above described modes of use or entirely different  10
modes of use may also be employed. Each element of the array of
individually controllable elements according the present  invention, also
known as a pixel, is made up of a stack of layers of dielectric material.
Figure 2  shows a simple example of such an element. It is comprised of a
layer 1 of electro-optical  



material, sandwiched between two layers 2,3 of dielectric material with a
fixed refractive index. 15 The layers 2,3 have the same refractive index.
The electro-optical material has the property that  its refractive index
for radiation which is plane polarized in a given direction can be changed
by  applying a voltage across the electro-optical material. If the
refractive index of the electro- optical material layer I is the same as
the refractive index of layers 2,3, then the element will be  largely
transparent. If, however, the refractive index of the electro-optical
material 1 is different 20 from that of the layers 2,3 then radiation will
be reflected at the boundaries between the layers.  By selecting the
thickness of the layers to be one-quarter of the wavelength of the
radiation that  will be incident on the elements of the array of
individually controllable elements, the radiation  reflected from the
boundary between the electro-optical material layer I and the first of the
fixed  refractive index layers 2 will constructively interfere with the
radiation reflected from the 25 boundary between the electro-optical
material layer 1 and the second layer 3 of fixed refractive  index
material. Therefore, by applying a voltage to the electro-optical material
layer 1, the element of the  array of individually controllable elements
can be switched between a state in which all three  layers have similar
refractive indices and the element is largely transmissive and a state in
which 30 the middle layer of the stack, namely the electro-optical material
layer 1, has a different refractive  index (for radiation which is plane
polarized in a given direction) than the adjacent layers and the 11
element is significantly reflective for the radiation which is plane
polarized in said direction. By setting different elements to be reflective
or transmissive, a plurality of such elements  can be used to pattern a
beam of radiation. Clearly, such an array of individually controllable
elements can either be used in a reflective mode or a transmissive mode
with radiation that is 5 designed to be part of the patterned beam of
radiation either being reflected from or transmitted  through the elements,
respectively. In practice, the stack will always reflect at least some
radiation and always transmit some  radiation (even if only radiation which
is polarized in the appropriate direction is incident on it).  Applying a
voltage to the electro-optical material layer I simply alters the
proportion that is 10 reflected and the proportion that is transmitted,
namely the transmission/reflection characteristic.  Depending on the
composition of the stack, maximum reflection of the element may be obtained



by applying no voltage to the stack or by applying a nominal maximum
voltage to the stack and,  correspondingly, maximum transmission will be
obtained by applying the maximum nominal  voltage or no voltage,
respectively. By applying intermediate voltages, an intermediate level of
15 reflection/transmission of radiation polarized in the given direction
will be provided. Therefore  the elements of the array of individually
controllable elements can be used to provide gray-scales.  For support, the
stack of layers of dielectric material may be attached to a substrate 4
(which can be common to all elements in an array of individually
controllable elements). If the  array of individually controllable elements
is to be transmissive then the substrate will need to be  20 selected to be
transmissive and it will be necessary to ensure that any reflection of the
radiation at the boundary between the stack and the substrate is minimized.
If the array of individually  controllable elements is to be reflective,
then it is essential to ensure that radiation that is  transmitted through
the stack is not reflected. This may be achieved by selecting a substrate
which is transmissive, as before, and directing the radiation transmitted
through the substrate out 25 of the system or by selecting a substrate that
absorbs the radiation. The electro-optical material layer 1 may be selected
such that when no voltage is applied it  has substantially the same
refractive index as the fixed refractive index layers 2,3. Alternatively,
the electro-optical material layer 1 may be selected to have a different
refractive index to the  fixed refractive index layers 2,3 when no voltage
is applied. Therefore the individually 30 controllable element can be
either biased to be transmissive or biased to be reflective,  respectively.
12  As described above, the refractive index of the electro-optical
material layer 1 is only voltage-controlled for radiation which is plane
polarized in a given direction. Therefore, the  electro-optical material
layer 1 may be selected such that the refractive index for radiation which
is plane polarized in an orthogonal direction is set to filter out the
radiation which is plane 5 polarized in that direction. For example, if the
individually controllable element is to be used to  form a reflective array
of individually controllable elements, the refractive index of the electro-
optical material layer 1 for radiation which is plane polarized
orthogonally to the direction which  can be controlled, may be set to be
substantially the same as the refractive index of the fixed  refractive
index layers 2,3 such that this radiation, which can not be controlled by
applying a 



10 voltage to the electro-optical material layer 1, is transmitted through
the individually controllable  element and therefore not reflected into the
projection system. Consequently, it may not be  necessary to illuminate the
array of individually controllable elements with radiation which is  plane
polarized in a given direction. In this case the radiation transmitted
through the element  (i.e. unpatterned radiation) will need to be prevented
from being reflected back into the 15 projection system, namely absorbed or
be transmitted through the entire device. The electro-optical material
layer can be formed of, for example, KD*P, KDP, AD*P,  ADP, BBO other
well-known solid state electro-optical materials. In order to obtain the
best  response, the electro-optical materials should preferably be operated
close to, but above, the  Curie temperature of the material used. These are
generally lower than ambient temperatures. 20 KDP, for example, has a Curie
temperature of 123K and ADP of 148K. Therefore a temperature  controlled
cooling unit may be provided. In order to provide the control voltage to
the electro-optical material layer 1, transparent  electrodes 5, 6 are
provided between the electro-optical material layer 1 and the fixed
refractive  index layers 2,3. Provided these are sufficiently thin, these
will not affect the 25 transmission/reflection characteristics of the
boundaries between the electro-optical material  layer 1 and the fixed
refractive index layers 2,3. Alternatively, the electrodes may be applied
to  the edges of electro-optical material layer, namely faces that are not
in contact with the fixed  refractive index layers. However, in this case
the driving potentials would need to be higher. In order to improve the
reflectivity of the stack, additional layers may be added as shown in  30
figure 3. As shown, there are three layers 11, 12, 13 of electro-optical
material, alternating with  layers 14, 15, 16, 17 of material with fixed
refractive index. As before, the stack is attached to a 13  substrate 18
for support and electrodes 19 to 24 are provided to apply the control
voltages to the  electro-optical material layers 11, 12, 13. Although
Figure 3 shows the stack with three layers of  electro-optical material
layer, it will be appreciated that any number of layers may be used in a
corresponding fashion. 5 The electro-optical material layers 11, 12, 13 are
oriented such that their respective  extraordinary axes are mutually
parallel. Consequently, the control voltages applied to them  control the
transmission/reflection characteristics of their boundaries with the
material with fixed  



refractive index for radiation which is polarized in the same direction.
The control voltage applied to the electro-optical material layer 11 is
provided by  10 electrodes 19, 20; the control voltage for electro-optical
material layer 12 is provided by  electrodes 21, 22; and the control
voltage for the electro-optical material layer 13 is provided by
electrodes 23, 24. If the individually controllable element is to be used
as a simple gray-scale  generating element for an array of individually
controllable elements, the electrodes for the  electro-optical material
layers 11, 12, 13 may be connected together such that a common control 15
voltage is applied to each of the electro-optical material layers 11, 12,
13. In other words,  electrodes 19, 21, 23 are connected together and
electrodes 20, 22, 24 are connected together.  Alternatively, the
respective pairs of electrodes for each of the electro-optical material
layers 11,  12, 13 may be independently addressed with different voltages.
This may be used to provide a  phase-shifting mask as described below. 20
Radiation passing through a layer of electro-optical material has its phase
shifted. The  magnitude of the phase shift is dependant on the voltage that
is applied to the electro-optical  material layer. Consequently, by
providing an individually controllable element with a plurality  of
electro-optical material layers, it is possible to control not only the
total  reflection/transmission of the radiation incident on the element (to
produce gray-scales) but also 25 to control the total phase shift of the
radiation. Therefore it is possible to create a phase  difference between
radiation propagating from adjacent individually controllable elements, for
example, even if the intensity of the radiation is the same. Consequently,
these elements can be  used to form an array of individually controllable
elements that not only generate gray-scales but  also is a phase-shifting
patterning array. 30 Each layer of electro-optical material can only
control the reflection/transmission  characteristic of radiation that is
plane polarized in a given direction. Further, by selecting the 14
electro-optical material such that its refractive index, for radiation
which is plane polarized in a  first direction orthogonal to the direction
for which its refractive index is voltage-controllable, is  substantially
the same as the layers adjacent to it, that portion of the stack will be
transmissive to  radiation that is plane polarized in the first direction.
Figure 4 shows an element for an array of 5 individually controllable
elements taking advantage of this feature. It comprises two electro- 



optical material layers 31, 32, controllable by electrodes 33, 34 and
electrodes 35, 36,  respectively. The electro-optical material layers 31,
32 are sandwiched between alternating  layers 37, 38, 39 of fixed
refractive index material and the complete stack is supported on a
substrate 4. As shown in Figure 4, the electro-optical material layers
31,32 are arranged such 10 that their respective extraordinary axes are
perpendicular to one another. Consequently, applying  a voltage to the
first electro-optical material layer 31 controls its
reflection/transmission  characteristic for radiation that is plane
polarized in a first direction; and applying a control  voltage to the
second electro-optical material layer 32 controls its
reflection/transmission  characteristic for radiation that is plane
polarized in a second direction which is perpendicular to 15 the first
direction. Consequently, this individually controllable element can be used
to  independently control radiation that is plane polarized in the first
direction and radiation that is  plane polarized in the second direction.
In a lithographic projection apparatus, this means that different patterns
can be applied to  radiation that is plane polarized in two orthogonal
directions, allowing simultaneous dual dipole  20 illumination. This is
advantageous since imaging a pattern with plane polarized light permits
enhanced imaging of features that are elongate in a particular direction.
Illumination with  polarized radiation has previously been used to
illuminate such elongate features but has, for  example, required the use
of two separate exposures, each with radiation plane polarized in
orthogonal directions to separately image the features that are oriented in
orthogonal directions. 25 Using elements as shown in Figure 4, it is
possible to provide the same effect using a single  exposure. For example,
the radiation system may have a secondary source plane and be adapted  to
generate a projection beam with four poles in the secondary source plane.
The four poles can  be arranged in two pairs such that a line between the
centers of the first pair of poles is orthogonal to a line between the
centers of the second pair of poles and the lines intersect at the  30
optical axis of the radiation system. Furthermore, the system can be
arranged such that the  radiation of the first pair of poles is plane
polarized in one direction and the radiation of the 15  second pair of
poles is plane polarized in a second direction that is orthogonal to the
first  direction. As will be apparent, additional electro-optical material
layers can be added to the  



individually controllable element shown in Figure 4. For example, there may
be a plurality of 5 electro-optical material layers with extraordinary axes
arranged in a first direction and a plurality  of electro-optical material
layers with their extraordinary axes in a second, perpendicular,
direction. With such an arrangement, it is possible to independently
control the phase and gray- scale of radiation which is plane polarized in
two orthogonal directions. In an alternative use of the individually
controllable element shown in Figure 4 (and 10 corresponding elements with
multiple electro-optical material layers arranged perpendicularly to  one
another), the electrodes may be connected together to provide a common
control voltage to  the electro-optical material layers that are arranged
with the extraordinary axes perpendicular to  one another. Consequently,
the control of the reflection/transmission characteristic for each will  be
the same. Therefore the reflection/transmission of radiation which is plane
polarized in two 15 orthogonal directions will be the same and therefore
arrays of individually controllable elements  comprising such elements will
not need to be illuminated with plane polarized light. If phase  control is
required for such an embodiment, then a plurality of pairs of
electro-optical material  layers can be provided, each pair comprised of
electro-optical material layers arranged with their  extraordinary axes
perpendicular to one another and each pair of layers controlled jointly but
20 independently of the other pairs of electro-optical material layers.
Figure 5 shows an example of the arrangement of components for using an
array of  individually controllable elements as described above in a
lithographic apparatus. Radiation  from the illumination system 60 is
polarized by a polarizor 61 (so that it is plane polarized in a  given
direction) and projected onto a beam splitter 63 byway of control optics
62. The beam is 25 reflected by the beam splitter 63 and projected onto the
array of individually controllable  elements 65 by way of further control
optics 64. The beam of radiation is patterned and reflected  by the array
of individually controllable elements 65 whereupon it is projected through
the  control optics 64 and transmitted through the beam splitter 63. The
patterned beam subsequently  passes through a rotational polarizor 66 such
as a 1/4 lambda plate before being projected onto 30 the substrate 68 by
projection system 67. The 1/4 lambda may be omitted and, in particular, it
should be omitted if dual dipole illumination is being used. Furthermore,
the polarizor 61 can be 16  omitted by using a polarizing beam splitter
instead of standard beam splitter 63. If the elements  



of the array of individually controllable elements include electro-optical
material layers that are  arranged to have mutually perpendicular
extraordinary axes and that are controlled to operate  together then the
polarizor 61 can be omitted and the standard beam splitter 63 retained
since, as 5 described above, the array of individually controllable
elements need not to be illuminated with  polarized light. Similarly, where
dual dipole illumination is being used the standard (i.e. non- polarizing)
beam splitter 63 can be retained but the polarizor 61 must be split up to
provide  radiation for each dipole direction with its own polarization
direction. While specific embodiments of the invention have been described
above, it will be 10 appreciated that the invention may be practiced
otherwise than as described. The description is  not intended to limit the
invention. 17  CLAIMS 1. A lithographic apparatus comprising: - an
illumination system that conditions a projection beam of radiation; - an
array of individually controllable elements serving to impart the
projection beam with a  pattern in its cross-section; 5 - a substrate table
that supports a substrate; and - a projection system that projects the
patterned beam onto a target portion of the substrate;  wherein each of
said individually controllable elements comprises a stack of three
dielectric layers, at least the middle one of said layers being formed of a
solid state electro- optical material, whereby on application of a control
signal said element may be selectively 10 changed between a first state in
which there is a greater difference in refractive index for one
polarization state between the middle one of said three dielectric layers
and the other two layers,  and a second state in which there is a smaller
difference in the refractive index for said one  polarization state such
that the proportions of the radiation that is transmitted and reflected
respectively, at the boundary of the electro-optical material layer with at
least one adjacent layer  15 is different in said two states. 2. A
lithographic projection apparatus according to claim 1, wherein said stack
comprises a  plurality of additional layers of dielectric material, and at
least one of said additional layers is  formed from electro-optical
material whereby its refractive index, for one polarization state, can 



20 be changed by applying a control signal to said second layer of
electro-optical material. 3. A lithographic projection apparatus according
to claim 1, wherein alternate layers of said  stack are formed from
material with a fixed refractive index, the remainder being formed from
electro-optical material whereby the refractive index of each layer of
electro-optical material, for 25 a given respective polarization state, can
be changed by applying respective control signals to  said layers. 4. A
lithographic projection apparatus according to claim 2, wherein said layers
of electro- optical material are arranged such that their respective
extraordinary axes are substantially 18  mutually parallel. 5. A
lithographic projection apparatus according to claim 2, wherein at least
two layers of  electro-optical material are arranged such that their
extraordinary axes are substantially mutually  5 perpendicular. 6. A
lithographic projection apparatus according to claim 2, further comprising
electrodes that  are configured to apply an independently controllable
control voltage to each layer of electro- optical material within the
stack. 10 7. A lithographic projection apparatus according to claim 2,
further comprising electrodes that  are configured to apply a common
control voltage to two or more layers of electro-optical  material within
the stack. 15 8. A lithographic projection apparatus according to claim 4,
further comprising electrodes that  are configured to apply a common
control voltage to layers of electro-optical material that have
substantially mutually parallel extraordinary axes. J  9. A lithographic
projection apparatus according to claim 1, wherein each element is 20
configured to control the propagation of radiation that is plane polarized
in a first direction and,  independently, the propagation of radiation that
is plane polarized in a second direction that is  substantially orthogonal
to the first direction. 10. A lithographic projection apparatus according
to claim 9, wherein said illumination system  25 has a secondary source
plane and is adapted to generate a projection beam having four poles in
said secondary source plane. 



11. A lithographic projection apparatus according to claim 10, wherein said
four poles are  arranged in pairs; a line joining the centers of the first
pair of poles is orthogonal to a line joining  30 the centers of the second
pair of poles; and said lines intersect substantially at the optical axis
of  the illumination system. 19  12. A lithographic projection apparatus
according to claim 11, wherein the radiation of said  first pair of poles
is plane polarized in said first direction and said radiation of said
second pair of  poles is plane polarized in said second direction. 5 13. A
device manufacturing method comprising:  - providing a substrate; -
conditioning a projection beam of radiation using an illumination system; -
using an array of individually controllable elements to impart the
projection beam with a  10 pattern in its cross-section; and projecting the
patterned beam of radiation onto a target portion of the substrate,
wherein each of said individually controllable elements comprises a stack
of three  dielectric layers, at least the middle one of said layers being
formed of a solid state electro- optical material, whereby on application
of a control signal said element may be selectively 15 changed between a
first state in which there is a greater difference in refractive index for
one  polarization state between the middle one of said three dielectric
layers and the other two layers,  and a second state in which there is a
smaller difference in the refractive index for said one  polarization state
such that the proportions of the radiation that is transmitted and
reflected,  respectively, at the boundary of the electro-optical material
layer with at least one adjacent layer  20 is different in said two states.


