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CAPPING LAYER FOR EUV OPTICAL ELEMENTS



at which the wafer table is scanned will be a factor M times that at which the reticle table is scanned. More information with regard to lithographic devices as here described can be



gleaned from International Patent Application WO97/33205, for example.



Matter enclosed in heavy brackets [ ] appears in the original patent but forms no part of this reissue speci?ca



Until very recently, lithographic apparatus contained a single mask table and a single substrate table. However,



tion; matter printed in italics indicates the additions made by reissue.



machines are now becoming available in which there are at



least two independently moveable substrate tables; see, for



example, the multi-stage apparatus described in International



BACKGROUND OF THE INVENTION



Patent Applications WO98/28665 and W098/ 40791. The



basic operating principle behind such multi-stage apparatus is



Field of the Invention



that, while a ?rst substrate table is at the exposure position underneath the projection system for exposure of a ?rst sub



The present invention relates to capping layers for optical elements, eg multilayer mirrors, for use with extreme ultra



strate located on that table, a second substrate table can run to



violet (EUV) radiation. More particularly, the invention



a loading position, discharge a previously exposed substrate,



relates to the use of capping layers on optical elements in



pick up a new substrate, perform some initial measurements on the new substrate and then stand ready to transfer the new



lithographic projection apparatus comprising: an illumination system for supplying a projection beam of



substrate to the exposure position underneath the projection



radiation; a ?rst object table provided with a mask holder for holding



system as soon as exposure of the ?rst substrate is completed; 20



substantially the machine throughput, which in improves the



a mask;



a second object table provided with a substrate holder for



holding a substrate; and a projection system for imaging an irradiated portion of the mask onto a target portion of the substrate. For the sake of simplicity, the projection system may here



25



inafter be referred to as the “lens”; however, this term should



cost of ownership of the machine. It should be understood that the same principle could be used with just one substrate table which is moved between exposure and measurement posi tions. In a lithographic apparatus the siZe of features that can be



imaged onto the wafer is limited by the wavelength of the projection radiation. To produce integrated circuits with a



be broadly interpreted as encompassing various types of pro



jection system, including refractive optics, re?ective optics, catadioptric systems, and charged particle optics, for



the cycle then repeats. In this manner it is possible to increase



higher density of devices, and hence higher operating speeds, 30



example. The illumination system may also include elements



it is desirable to be able to image smaller features. While most



operating according to any of these principles for directing,



current lithographic projection apparatus employ ultraviolet light generated by mercury lamps or excimer lasers, it has



shaping or controlling the projection beam, and such ele



been proposed to use shorter wavelength radiation of around



ments may also be referred to below, collectively or singu larly, as a “lens”. In addition, the ?rst and second object tables



35



may be referred to as the “mask-table” and the “substrate



13 nm. Such radiation is termed extreme ultraviolet (EUV) or soft x-ray and possible sources include laser plasma sources or synchrotron radiation from electron storage rings. An out



table”, respectively.



line design of a lithographic projection apparatus using syn



In the present document, the invention is described using a reference system of orthogonal X, Y and Z directions and rotation about an axis parallel to the I direction is denoted Ri. Further, unless the context otherwise requires, the term “ver tical” (Z) used herein is intended to refer to the direction



chrotron radiation is described in “Synchrotron radiation sources and condensers for projection x-ray lithography”, J B Murphy et al, Applied Optics Vol. 32 No. 24 pp 6920-6929



40



(1 993). Optical elements for use in the EUV spectral region, e.g. multilayered thin ?lm re?ectors, are especialy sensitive to physical and chemical damage which can signi?cantly reduce



normal to the substrate or mask surface or parallel to the



optical axis of an optical system, rather than implying any particular orientation of the apparatus. Similarly, the term



45



their re?ectivity and optical quality. Re?ectivities at these wavelengths are already low compared to re?ectors at longer wavelengths which is a particular problem since a typical EUV lithographic system may have nine mirrors; two in the



50



such a case, the mask (reticle) may contain a circuit pattern



ing reticle. It is therefore evident that even a “small” decrease of l -2% in the peak re?ectivity of a single mirror will cause a



corresponding to an individual layer of the IC, and this pattern



signi?cant light throughput reduction in the optical system.



“horizontal” refers to a direction parallel to the substrate or



mask surface or perpendicular to the optical axis, and thus normal to the “vertical” direction.



Lithographic projection apparatus can be used, for example, in the manufacture of integrated circuits (ICs). In



illumination optics, six in the imaging optics plus the re?ect



can be imaged onto an exposure area (die) on a substrate



A further problem is that some sources of EUV radiation,



(silicon wafer) which has been coated with a layer of photo sensitive material (resist). In general, a single wafer will



e.g. plasma based sources, are “dirty” in that they also emit 55



signi?cant quantities of fast ions and other particles which



contain a whole network of adjacent dies which are succes sively irradiated via the reticle, one at a time. In one type of



can damage otical elements in the illumination system. Proposals to reduce these problems have involved main



lithographic projection apparatus, each die is irradiated by



taining the optical systems at very high vacuum, with particu larly stringent requirements on the partial pres sures of hydro



exposing the entire a reticle pattern onto the die at ones; such an apparatus is commonly referred to as a wafer stepper. In an



60



alternative apparatusiwhich is commonly referred to as a



step-and-scan apparatusieach die is irradiated by progres sively scanning the reticle pattern under the projection beam in a given reference direction (the “scanning” direction) while synchronously scanning the wafer table parallel or anti-par allel to this direction; since, in general, the projection system will have a magni?cation factor M generally 


carbons which may be adsorbed onto the optical elements and then cracked by the EUV radiation to leave opaque carbon ?lms. SUMMARY OF THE INVENTION



65



It is an object of the present invention to provide optical elements, including multilayer mirrors, for use in litho



US RE42,338 E 4



3 graphic projection apparatus using extreme ultraviolet radia



projection beam is incident and a capping layer cov



tion (EUV) for the projection beam, that are more resistant to



ering said surface, said capping layer being formed of



chemical and physical attack. According to the present invention, this and other objects are achieved in a lithographic projection apparatus compris



In a manufacturing process using a lithographic projection



a relatively inert material. apparatus according to the invention a pattern in a mask is imaged onto a substrate Which is at least partially covered by



ing: an illumination system for supplying a projection beam of



a layer of energy-sensitive material (resist). Prior to this imag ing step, the substrate may undergo various procedures, such



radiation; a ?rst object table provided With a mask holder for holding



as priming, resist coating and a soft bake. After exposure, the substrate may be subjected to other procedures, such as a



a mask;



a second object table provided With a substrate holder for



post-exposure bake WEB), development, a hard bake and measurement/ inspection of the imaged features. This array of



holding a substrate; and a projection system for imaging an irradiated portion of the mask onto a target portion of the substrate; characterised



procedures is used as a basis to pattern an individual layer of a device, e. g. an IC. Such a patterned layer may then undergo



by: at least one optical element having a surface on Which



various processes such as etching, ion-implantation (doping)



radiation of the same Wavelength as the Wavelength of



metalliZation, oxidation, chemo-mechanical polishing, etc.,



said projection beam is incident and a capping layer



all intended to ?nish off an individual layer. If several layers are required, then the Whole procedure, or a variant thereof, Will have to be repeated for each neW layer. Eventually, an array of devices Will be present on the substrate (Wafer). These devices are then separated from one another by a tech nique such as dicing or saWing, Whence the individual devices



covering said surface, said capping layer being formed of a relatively inert material. The optical element may be a beam modifying element



20



such as a re?ector, eg a multilayer near-normal incidence mirror or a graZing incidence mirror, included in one of the illumination and projection systems: an integrator, such as a



scattering plate: the mask itself, especially if a multilayer



can be mounted on a carrier, connected to pins, etc. Further 25



mask; or any other optical element involved in directing,



focussing, shaping, controlling, etc. the projection beam. The optical element may also be a sensor such as an image sensor or a spot sensor;



The relatively inert material in particular should be resis



0672504. 30



tant to oxidation and may be selected from the group com



prising: diamond-like carbon (C), boron nitride (BN), boron carbide (B4C), silicon nitride (Si3N4), silicon carbide (SiC), B, Pd, Ru, Rh, Au, MgF2, LiF, C2134 and TiN and compounds and alloys thereof.



35



magnetic heads, etc. The skilled artisan Will appreciate that,



capping layer is effecively “chemically opaque”, yet not be



in the context of such alternative applications, any use of the



too thick so as to absorb too much of the incident radiation. To 40



“substrate” and “target area”, respectively. BRIEF DESCRIPTION OF THE DRAWINGS 45



Wavelength of the projection beam to improve re?ectivity or



The present invention and its attendant advantages Will be described beloW With reference to exemplary embodiments



transmissivity. A second aspect of the invention provides a device manu



facturing method using a lithographic apparatus comprising 50



radiation; a ?rst object table provided With a ?rst object holder for holding a mask; a second object table provided With a second object holder for holding a substrate; and a projection system for imaging an irradiated portion of the mask onto a target portion of the substrate; said method



55



60



providing a substrate at least partially covered by a layer of



energy-sensitive material to said second object table; irradiating said mask and imaging irradiated portions of said pattern onto said substrate; characterised in that: one optical element having a surface on Which radia tion of the same Wavelength as the Wavelength of said



FIG. 4 is a graph ofR9 vs. Wavelength in the 13 .4 nm region for various mirrors embodying the invention and a conven



tional mirror for comparison;



providing a mask containing a pattern to said ?rst object



said lithographic projection apparatus comprises at least



and the accompanying schematic draWings, in Which: FIG. 1 depicts a lithographic projection apparatus accord ing to the invention; FIG. 2 is a graph of layer thicknesses in a 51 period opti mised Mo/ Si stack according to the invention; FIG. 3 is a graph of layer thicknesses in a 50 period MoiRu/ Si stack according to the invention;



comprising the steps of:



table;



terms “reticle”, “Wafer” or “die” in this text should be con



sidered as being replaced by the more general terms “mask”,



range of from 0.5 to 10 nm, preferably from 0.5 to 6 nm and most preferably from 0.5 to 3 nm.



an illumination system for supplying a projection beam of



apparatus has many other possible applications. For example, it may be employed in the manufacture of integrated optical systems, guidance and detection patterns for magnetic



domain memories, liquid-crystal display panels, thin-?lm



protect the underlying optical element from attack, so that the



The capping layer may itself have a multi-layer structure, eg of tWo layers, With the outermost layer chosen both for improved chemical resistance and loW refractive index at the



Although speci?c reference may be made in this text to the use of the apparatus according to the invention in the manu facture of ICs, it should be explicitly understood that such an



The capping layer should have a su?icient thickness to



these ends, the capping layer may have a thickness in the



information regarding such processes can be obtained, for example, from the book “Microchip Fabrication: A Practical Guide to Semiconductor Processing”, Third Edition, by Peter van Zant, McGraW Hill Publishing Co., 1997, ISBN 0-07



65



FIG. 5 is a graph of layer thicknesses in a 50 period MoiRuiSr/ Si stack according to the invention; FIG. 6 is a graph of layer thicknesses in a needle optimised 50 period MoiRuiSr/ Si stack according to the invention; FIG. 7 is a graph of layer thicknesses in an 80 period RuiSr/ Be stack according to the invention; FIG. 8 is a graph ofR9 vs. Wavelength in the 11.3 nm region for various mirrors embodying the invention and a conven



tional mirror for comparison;
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5 FIG. 9. Is a graph showing R9 vs. Wavelength for various stacks, both conventional and according to the invention as Well as the emission intensity of a Xe-jet laser-induced



table WT is then shifted in the x and/or y directions so that a different target area C can be irradiated by the



beam PB;



plasma source; RhiRu/Sr4Ce stack according to the invention; FIG. 11 is a graph of layer thicknesses in an optimised RhiRu/Sr4Ce stack according to the invention;



In scan mode, essentially the same scenario applies, except that a given target area C is not exposed in a single “?ash”. Instead, the mask table MT is movable in a given direction (the so-called “scan direction”, eg the x direc tion) With a speed v, so that the projection beam PB is



FIG. 12 is a graph shoWing R versus Wavelength for a



caused to scan over a mask image; concurrently, the



FIG. 10 is a graph shoWing R and R9 vs. Wavelength for a



RhiRu/SiO2-aero stack according to the invention; and



substrate table WT is simultaneously moved in the same or opposite direction at a speed V:Mv, in Which M is the



FIG. 13 is a diagram of a multilayer coating having a



capping layer according to the invention.



magni?cation of the lens PL (typically, M:% or 1/s). In



In the various draWings, like parts are indicated by like references.



this manner, a relatively large target area C can be



exposed, Without having to compromise on resolution. 5



DETAILED DESCRIPTION OF THE EMBODIMENTS



described in copending European Patent Application 003007846 (applicant’s ref P-0l29), Which is hereby incor



porated by reference.



Embodiment 1



FIG. 1 schematically depicts a lithographic projection



The illumination system IL may be constructed as



20



EXAMPLES



25



obtained from computations performed using the thin ?lm design program TFCalc (SoftWare Spectra Inc.) and veri?ed using LPro (4D Technology Ltd.). The built-in global and



apparatus according to the invention. The apparatus com



prises: a radiation system LA, IL for supplying a projection beam PB of EUV radiation; a ?rst object table (mask table) MT provided With a mask holder for holding a mask MA (e. g. a reticle), and con nected to ?rst positioning means PM for accurately posi tioning the mask With respect to item PL; a second object table (substrate table) WT provided With a substrate holder for holding a substrate W (e. g. a resist coated silicon Wafer), and connected to second position



The examples of the invention described beloW are



needle optimisation routines of TFCalc Were used for the optimisation process, as described in A. V. Tikhonravov, 30



Which references are incorporated herein by reference. The optical constants of the various materials, namely the com



ing means PW for accurately positioning the substrate With respect to item PL; a projection system (“lens”) PL (eg a refractive or cata dioptric system or a re?ective system) for imaging an irradiated portion of the mask MA onto a target portion



plex refractive index N:n—ik are derived from atomic scat tering factors by Henke et. al. and Were obtained from the 35



C (die) of the substrate W.



doWnloaded as functions of Wavelength from 6 nm to 42 nm



and as such the Wavelength dependence of n and k is implicit in all calculations. The values of n and k for various materials at some Wavelengths of particular interest are tabulated in Table 1 below. To demonstrate the performance enhancement of the re?ectors according to the invention, We assume ideal



45



“White” light illumination in the examples beloW.



passed along various optical components included in illumi nation system (“lens”) IL so that the resultant beam PB is collected in such a Way as to give uniform illumination at the



Which is held in a mask holder on a mask table MT. Having



COMPARATIVE EXAMPLE 1



been selectively re?ected by the mask MA, the beam PB passes through the lens PL, Which focuses the beam PB onto a target area C of the substrate W. With the aid of ?rst posi tioning means PW and the interferometric displacement mea suring means IF, the substrate table WT can be moved accu rately, e.g. so as to position different target areas C in the path of the beam PB. Similarly, the positioning means PM can be



50



used to accurately position the mask MA With respect to the path of the beam PB, eg after mechanical retrieval of the



55



Comparative Example 1 is a standard Si-based multilayer stack comprising an unoptimised 50-period Mo/Si system groWn on a Zerodur (RTM) glass substrate, With a partition ratio 19:04, yielding dM0:2.8 nm and dSi:4.l nm. In addi tion, it is assumed that the ?nal Si layer Will undergo oxida tion and effectively form a ‘2 nm layer of native oxide. Analysis of such a stack yields a peak re?ectivity at “13.4 nm



of R:0.73l. This stack provides the reference for perfor mance comparisons of stacks according to the invention.



mask MA from a mask library. The references M1, M2 cor



(i.e. a single “?ash”) onto a target area C. The substrate



http://WWW.cxro.lbl.gov/optical_con



40



source) Which produces a beam of radiation. This beam is



respond to reticle alignment marks and the references P1 and P2 correspond to Wafer alignment marks. In general, move ment of the object tables MT, WT Will be realiZed With the aid of a long stroke module (coarse positioning) and a short stroke module (?ne positioning), Which are not explicitly depicted in FIG. 1. The depicted apparatus canbe used in tWo different modes: In step mode, the mask table MT is kept essentially sta tionary, and an entire mask image is projected at ones



(1993);



stants/). The values of n and k for the materials used Were



lator or Wiggler provided around the path of an electron beam



entrance pupil and the mask. The beam PB subsequently impinges upon the mask MA



CXRO Web server at Berkeley (B. L. Henke, E. M. Gullikson, and J. C. Davis, Atomic Data and Nuclear Data Tables, 54(2),



181-342



The radiation system comprises a source LA (eg an undu in a storage ring or synchrotron or a laser-induced plasma



Appl. Opt. 32, 5417 (1993), A. V. Tikhonravov, M. K. Tru betskov and G M. DeBell, Appl. Opt. 35, 5493 (1996) and J. A. DobroWski and R. A. Kemp, Appl. Opt. 29, 2876 (1990),



EXAMPLES 2 to 23



Examples 2 to 23 according to the invention consist of variations on the stack of reference example 1 as detailed in



Table 2 beloW. In Table 2, column 2 gives the materials used 65



in the layers of the stack; column 3 gives the optimization applied: N indicates none, Y indicates global optimization and Y(n) indicates needle optimiZation (described further



beloW); column 4 gives the capping layer applied; column 5
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gives the peak re?ectivity R; column 6 gives the R9peak



als, in this case, Mo, Ru and Rh, With vanishingly small thicknesses, are periodically added to the stack. These layers



re?ectivity in relative units and column 7 gives the R9int (integrated) re?ectivity in relative units.



are then alloWed to groW orbe rejected by a local optimiZation process. The needle-optimiZed stack therefore also contains Rh and additional layers of Mo, the net result of Which is a 59% increase in R9int compared to the standard stack. It is also Worth noting that in this case R9int>R9peak With the peak re?ectivity of 0.764 only marginally loWer than for the stan dard optimiZed MoiRu/ Si stack. This indicates that a sub



For a 9-re?ector system, a more useful measure of optical



throughput is the value of R9, Which the net re?ectivity of a series of nine re?ectors. R9int is the area under the curve in the



R9 vs. 7» (Wavelength) spectrum. The variation betWeen R9peak and R9int for a given stack is an indication of the variation in the spectral half-Width Which is a function of the optimiZation process, or the incorporated materials, or the capping layer material, or any combination of the three. The ?nal surface layer ofall ofexamples 2 to 20 is a 4.1-4.5 nm Si layer on Which the capping layer speci?ed in column 4 is deposited, or groWn in the case of SiO. GroWing the SiO2



stantially greater spectral half-Width results from the needle optimization process as can be seen in FIG. 4, Which is a



graph shoWing R9 vs. Wavelength in the 13.4 nm region. Line A is for the standard Mo/ Si stack, reference example 1; B is



optimiZed Mo/Si, example 4; C is MoiRu/Si needle opti miZed, example 12; D is MoiRuiSr/Si needle optimiZed, example 19, and E is Mo/Rb optimiZed, example 22.



consumes the surface Si layer so that in the case of Example 2 the top tWo layers are 2 nm of Si, the remains of the



approximately 4 nm Si layer prior to oxidation and Which may be regarded as the ?nal layer of the multilayer, and 2 nm SiO2. Examples 21 to 23 are terminated With a 4.0 to 4.4 nm Rb



layer upon Which the capping layer speci?ed in column 4 is



20



deposited. Example 2 is an unoptimiZed Mo/ Si stack in Which a 2 nm native oxide is alloWed to groW on a 6 nm Si top layer (com



in a similar manner to the three component stacks described



above. The most favourable combination is MoiRuiSr/ Si With up to an 88% relative increase in output intensity. FIG. 5



pared to the 4 nm top layer of comparative example 1), result ing in a 1% increase in R, a 13% increase in R9peak and a 7%



25



increase in R9int. In example 3, a 25% gain in R9int is achieved by deposition of a 2 nm B capping layer. Further increases in examples 4 to



7 folloW by selecting Rh or Ru as capping layers and optimis ing the stack. A gain of up to 36% for a tWo-component



The order of layers in the three component stacks may be varied. For example, RhiMo/Si may be used instead of MoiRh/Si and RuiMo/ Si instead of MoiRu/ Si The four-component stacks, examples 13 to 20, Were built
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(Mo/ Si) multilayer stack can be achieved by optimiZation, as



shoWs the layer thicknesses (nm) of a 50 period MoiRui Sr/ Si stack With a Ru capping layer. As before, layer 0 indi cates the substrate surface. Again, Within the ?rst 50 layers from the substrate Ru predominates over Mo. The spikes in the Mo layer thickness pro?le indicate layers Where the Ru



layer has been Wholly replaced by Mo as suggested by the numerical optimiZation technique. This is not essential to the



shoWn by example 7.



gain in R9int and the relevant Mo layers can be replaced by



FIG. 2 shoWs the layer structure of a 51 period (102 layer) optimiZed Mo/Si stack With a 1.5 nm capping layer. In the Figure, layer 0 is the substrate surface. As can be seen, the optimisation of the Mo/ Si stack results in a gradual, smooth variation of the layer thicknesses through the stack While the period Width remains nominally constant at about 6.8 to 7.0 nm. Near the substrate, dM0zdStz35 nm varying to dM0:2.7



pairs of Mo and Ru layers. Srperforms a similar function to Si



nm and dstz4.2nm near the surface. In the stack illustrated in FIG. 2 the partition ratio F remains at about 0.4 for the ?rst 20



in the stack as it has a high value of n and a loW extinction 35



40



periods from the surface (one period:one pair of layers, i.e.



Sr/Si may be regarded as RuiMo/SriSi for calculation purposes.



one Mo layer and one Si layer) and thereafter gradually changes to about 0.5 at the substrate. Thus it appears that the



higher the absorption in the material, the loWer the thickness



FIG. 6 shoWs the layer thicknesses of a needle-optimized 45



near the surface, for an optimum re?ectivity response. This phenomenon is discussed further beloW. The three component system of examples 8 to 12 is set up initially as a tWo-component Mo/ Si stack With the third mate



rial interleaved betWeen the Mo and Si layers With its initial thickness set to Zero. The global optimiZation process then varies the thicknesses of all the layers until a pre-set re?ec tivity target is approached. In the case of MoiRh/Si and



50



MoiRu/ Si, Mo is favored near the surface and Rh or Ru near



the substrate Whereas, in the MoiRbCl/ Si system, RbCl (Which is a single entity) partially substitutes for Si in the



coe?icient, k, (see Table 1). The loW absorption Within the Sr layers makes it preferable in the top half of the stack. As With the MoiRu/Si example discussed above, the sums of the thicknesses of Si and Sr and Ru and Mo approximate respec tively to the optimised Si and Mo thicknesses shoWn in FIG. 2. The preferred order of the elements is: RuiMoiSriSi. The grouping of layers may also be varied, e.g. RuiMoi
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50 period (50 Si layers) MoiRuiSr/ Si stack. Rh is included only in the loWer half of the stack and predominantly in the ?rst 40 layers. In the loWest layers Rh is preferred over Ru because of its higher optical contrast With Si, in spite of its higher extinction coef?cient. Sr andY are less easily depositable oWing to the complex chemistry of Y and the high reactivity of Sr, so are less preferred, but still shoW advantages over the conventional stack. MoiRuiZr/ Si and MoiRuiRbCl/ Si shoW par ticular promise, as do the same layers in the order RuiMoi Zr/ Si and RuiMoiRbCl/ Si.



A comparison of the optical constants of Rb and Si (Table



centre of the stack, i.e. the sum of the thicknesses of the



1) indicates that Rb is in principle a more optimal material as



adjacent RbCl and Si layers approaches the thickness of Si in



a spacer layer. With a value of n at 13.4 nm similar to that of



Si (close to unity), Rb Would maintain the optical contrast



a standard stack. The layer structure for the MoiRu/ Si stack



is shoWn in FIG. 3. This stack has 50 Si layers, including the uppermost layer, and therefore has 148 layers in total, plus a 1.5 nm Ru capping layer. In the ?gure, layer 0 is the substrate surface. A 50% gain in computed throughput is observed for
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21 to 23 as can be seen from Table 2. An increase in the peak



the MoiRu/ Si system over the standard Mo/ Si stack.



Example 12 shoWs a further improvement in R9int for the MoiRu/ Si system using needle optimization. In the needle



optimiZation routine, additional layers of designated materi



with eg Mo and Ru. In addition, the loWer value of the extinction coef?cient k compared to that of Si, makes Rb a near optimal spacer material. This is borne out by examples
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re?ectivity of 5% is found for the Mo/Rb stack as compared to the equivalent Mo/ Si stack yielding a value of R9int Which is more than a factor 2 higher than the standard Mo/ Si stack.



HoWever, Rb-based systems present constructional and
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operational dif?culties due to the high reactivity and



global and needle optimisation routines and, most impor tantly, the incorporation of additional or replacement materi



extremely loW melting point (390 C.) of Rb.



als Within the stack appears to be the recipe for re?ectivity REFERENCE EXAMPLE 24



enhancement. Metals such as Rh and Ru Which are generally



Reference example 24 is a multilayer stack for use at 11.3



easily deposited using various vacuum deposition techniques provide advantages, especially in conjunction With Be for the



nm comprising an unoptimised 80-period Mo/ Be system groWn on a Zerodur (RTM) glass substrate, With a partition ratio FI0.4 yielding dM0:2.3 nm and dBE:3.4 nm. This pro



11.3 nm region Where they surpass Mo in theoretical perfor mance. Furthermore, it is conceivable that using the various



vides the reference for examples 25 to 40 Which are tuned for



ness associated With Mo/Si(Be) may be alleviated someWhat. In for instance the MoiRh/Si and MoiRu/ Si stacks,



combinations discussed above, problems of interface rough



use at 11.3 nm.



improved results are provided With Rh(Ru) predominating



EXAMPLES 25 to 40



over Mo near the substrate and vice-versa near the surface.



This may be because at 13.4 nm Rh and Ru exhibit a higher



Table 3 corresponds to Table 2 but gives data for examples



optical contrast With Si than does Mo Whereas the extinction



25 to 40 according to the invention Which are re?ector stacks



coe?icient k, and therefore the absorption Within the layer, is



tuned for use at 11.3 nm.



The effects of optimization and the capping layer deposi tion are less important at 11.3 nm than at 13.4 nm, only 8%



improvement in R9int is provided.



20



HoWever, Ru and Rh are preferred to Mo for the 11.3 nm



WindoW. The Ru/Be stack has a relative optical throughput greater by up to 70% compared to the Mo/Be reference example, Whilst the throughput of the Rh/Be stack is 33%



greater. Although this is signi?cantly loWer than for Ru/Be,



25



this combination may be preferable in some applications of the invention due to factors such as RhiBe interface chem



istry. A particularly preferred embodiment of the invention is the “needle” optimized Rh/Be stack Which exhibits a huge increase in re?ectivity. This is due to the incorporation of Pd,
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Ru and Mo layers during the optimization process effectively transforming it into a RhiRuiPdiMo/Be or PdiRhi



RuiMo/ Be multi-component stack. The layer thicknesses of an 80 period (80 Be layers)



effects occur. 35



RuiSr/ Be stack capped With a 1.5 nm Ru layer are shoWn in FIG. 7. Similar results may be achieved With Ru/SriBe. As before, the substrate surface is indicated at layer 0. Due to 40



strate. The sum of the Be and Sr thicknesses near the surface is about 4.1 nm Whilst the Ru thickness is about 1.7 nm. These



are markedly different than the thicknesses of the Mo/Be stack With I“:0.4. This is because of the higher extinction coe?icient of Ru, as compared to Mo, such that a loWer Ru



FIG. 9 shoWs the R9 re?ectivities (left axis) of various re?ectors and the relative Xe-Jet LPS emission intensity (right axis) vs. Wavelength in nm (X axis). In FIG. 9:



(a) is the spectral response of the conventional unoptimized Mo/ Si stack and is used as the reference for relative



re?ectivity ?gures. 45



thickness is preferred. The gain in employing Ru in place of Mo derives from the resultant increase in optical contrast With



Be. The preferred stack period is: RuiSriBe. Selected spectra of Be-based multilayers are shoWn in FIG. 8. This Figure shoWs plots of R9 vs. Wavelength in the 11.3 nm region for ?ve stacks. A is the reference Mo/Be stack, B is an optimised Mo/ Be stack With a Ru capping layer, C is an optimised Ru/Be stack, D is a needle optimised Rh/Be stack and E is an optimised, Ru-capped RuiSr/Be stack. Examples 35 to 40 are strontium-containing three compo nent systems Which yield throughput enhancements of up to a factor of 2. As capping layers, Rh and Ru are optimum for this Wave length region and give an increase of 0.7-1 .0% in R.



Examples 41 to 44 are designed for use With a Xenon-jet



laser-induced plasma source @(e-Jet LPS) Which has a peak output intensity at about 10.9 nm, someWhat loWer than the range for Which the re?ectors described above Were designed.



their similar optical constants, Be and Sr perform similar functions in the stack With Ru predominating near the sub



loWer for Mo than Rh and Ru. Near the surface of the stack, it is important that there be loW absorption so that the incident radiation penetrates as deep into the stack as possible so that the phasor addition is maximized. HoWever deep Within the stack Where the intensity is loW, increased optical contrast is favored for the re?ected intensity to be maximized. When Sr is incorporated in the structure it is preferentially located in the near-surface region of the stack and partially substitutes Si. This can be explained by similar arguments, the value of n for Sr is loWer than that of Si and therefore While the optical contrast With the loW-n materials is slightly loW ered, the loWer value of k for Sr compared With Si (see Table 1) means that the absorption Within the layer is loWer thus favoring Sr near the surface of the stack. The data obtained for Be-based stacks for 11.3 nm operation indicates that similar



(b) is an optimized Mo/ Si stack similar to example 7 above; (c) is an optimized RhiRuiMo/SriSi stack; (d) is a conventional, unoptimized, Mo/Be stack similar to



comparative example 24 above; 50



(e) is an optimized RhiMo/Be stock similar to example 40 above; (f) is an optimized PdiRhiRuiMo/ Be stack; (g) is an optimized PdiRhiRu/RbCl stack forming
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example 41 of the invention; (h) is an optimized RhiRu/P stack forming example 42 of the invention; and (i) is an optimized RhiRu/ Sr stack forming example 43 of
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Although examples 41 to 43 have loWer R9 peak and R9int than other examples described above, they have the advantage of providing their peak re?ectivity very close to the emission



the invention.



EXAMPLES 41 to 44



maximum of the Xe-Jet LPS. They are thus ideal for use With



this source. Taking the throughput of the unoptimised Mo/ Si



From the above computational analysis of the various mul



stack as 1.0, examples 41 (g), 42(h) and 43(i) provide relative



tilayer systems for the EUV region betWeen 1 1 nm and 14 nm



it Would appear that signi?cant enhancements in peak re?ec tivities and the integrated re?ectivities for a 9-mirror optical system are possible. A combination of capping layer choice,
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throughputs of 3.0, 5.7, and 6.5 respectively. This also com pares Well With the throughput of the Mo/Be stack (d), Which is 5.7 and avoids the use of Be, Which is highly toxic.
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Further improvements in peak re?ectivity, giving values



exhibit improved re?ectance, or an acceptable reduction, Whilst exhibiting a high degree of resistance to chamical



greater than 0.75 in the 9.0 to 12 nm region can be attained in



attack. In Table 6, 58 is a comparative example consisting of an 80



four component stacks that combine P and Sr, e.g. RhiRu/ PiSr.



period optimiZed (for 11.3 nm) Mo/Be stack, similarly With



A further advance is shoWn by example 44. Example 44 is



an outermost layer of 2 nm BeO formed by natural oxidation



a needle optimized RhiRu/SriCe stack With a peak re?ec tivity of R:0.776 at 10.9 nm. FIG. 10 shoWs the full Wave



length dependence of R (left axis) and R9 (right axis) of



of the ?nal Be layer. This comparative example forms the reference for the relative values of R9peak and R9int for



example 44 in the 10 to 12 nm range. FIG. 11 shoWs layer thicknesses in this stack.



from comparative example 58 in the indicated capping layer



Examples 59 to 65 of the invention. Examples 59 to 65 differ Which is deposited before the outer Be layer can oxidiZed. It



Will again be seen that the layers speci?ed provide improved



EXAMPLES 45 to 48



re?ectivity, or an acceptable reduction, Whilst exhibiting a Some further alternative stack con?gurations are shoWn in Table 4. In this table, Example 45 is a three layer stack of RuiNb/ Si, Which demonstrates that Niobium can also give improvements in an Si-based stack, but is otherWise the same as the examples 8 to 12 of Table 2. For use at 12.8 nm, different multilayers may be optimal. TWo such multilayers are example 47 and 48 of Table 4.At 46, the R value of a conventional Mo/ Si (equivalent to Compara tive Example 1) at 12.8 nm is given. It can readily be seen that



high degree of resistance to chemical attack. EXAMPLES 66 to 76



20



structure thus increasing the overall thickness of the top lay ers and reducing the likelihood of incomplete coverage



through multiple layer deposition. This is illustrated in FIG.



the addition of Ru partially replacing Mo improves re?ectiv ity at this frequency While the use of beryllium as a spacer



25



material partially replacing silicon provides further improve



FIG. 13 only the ?rst period 13 is shoWn hoWever all periods



In general, the lanthanides (rare earth metals) may provide 30



position, optical contrast is provided because the lanthanides have a refractive index n very close to unity Which out-Weighs the disadvantage that their values of extinction coef?cient k are not as loW as some other materials in the 9-16 nm region.



Lanthanum is particularly preferred at or near 13 nm. Further alternative spacers useable in the invention are



porous materials such as loW density (porous) silica (aerogel) having a density about 1 tenth that of bulk silica. FIG. 12 shoWs the Wavelength sensitivity of a RhiRu/SiO2-aero stack using such porous silica. Its relatively broad re?ectance peak beloW 1 1 nm Will be noted. Other loW density materials



13. The re?ector of examples 66 to 76 of the invention com



prises substrate 10 on Which are deposited N periods of alter nating layers of a ?rst material 11 and a second material 12. In



ments.



good optical contrast With metals such as Mo, Ru and Rh and may be preferred in re?ectors nearer the substrate. In this



In examples 66 to 76 the capping layer includes a modi?ed ?nal layer of the multilayer coating as Well as a dedicated capping sublayer so as to form a bi- or tri-layer protective



35



save the last are similar. The ?nal, Nth period comprises a layer 15 of the ?rst material, a layer 16 of a third material and a capping sub-layer 17 of a capping material. In the folloWing, the ?rst material is denoted X, the second material Y and the third material Z. The ?rst material X is one or more of: Mo, Ru, Rh, Nb, Pd, Y and Zr, and the second materialY is one or more of: Be, Si,



Sr, Rb, RbCl and P. The ?nal period is constructed such that the substance X is chosen as previously, the third material Z on the other hand, is chosen from a set of materials With a 40



moderately high value of refractive index n (>0.96), su?i ciently loW value of the extinction coe?icient k (


that may be used include: titania and alumina aerogels; nano



porous silicon, meso-porous silicon, nanoclusters of silicon



suitable: B4C, BN, diamond-like C, Si3N4 and SiC. Although



and other semiconductors. These materials may be used to



these materials are not ideal “spacers”, the re?ectivity loss



throughout the 8 to 20 nm Wavelength range. The materials



through absorption in layer 16 may be tolerated in favour of long-term chemical and structural integrity of the multilayer.



are useful because the values on n and k are density depen



In addition, the combination of layers 15 and 16 has a total



dent. With decreasing density the refractive index, n, tends to unity and the extinction coe?icient, k, tends to Zero. The density of a typical Si aerogel is 0.2 gcm‘3 Whilst that of porous Si is 1.63 gcm_3.



optical thickness of '2 quarter Wavelengths (Where the quar ter-Wave optical thickness is given by: QW:4 nd/7t), thus



manufacture re?ectors tuned to speci?c Wavelengths



45



50



contributing to the re?ection coef?cient and avoiding a dras tic reduction in the re?ectivity Which may be caused by rela



tively thick (>3 nm) capping layers. In addition the material of the capping layer 17 has loW n such that a large optical contrast is maintained betWeen layers 16 and 17. The bound



EXAMPLES 49 to 65



Further examples of useful capping layers are set out in Tables 5 and 6, Which give the same data as previous tables. In Table 5, 49 is a comparative example consisting of an



55



ary betWeen layers 16 and 17 also serves to localise the node



of the standing Wave formed through the superposition of the incident and re?ected Waves. Suitable materials for capping



optimiZed (for 13.4 nm) 50 period Mo/ Si stack Whose outer



layer 17 in this con?guration are: Ru, Rh, Pd and diamond



most layer is 2 nm of SiO2 formed by natural oxidation of the



like C.



?nal Si layer in the stack. This comparative example forms the reference for relative values of R9peak and R9int for Examples 50 to 57 of the invention. These examples differ
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the additional period X/Z constructed as described above. These examples are intended for use at 11.3 nm. example 66, the Whole of the Be layer is oxidiZed and a Ru capping layer



from comparative example 49 only in the indicated capping layer, Which is deposited on ?nal Si layer of the stack before that layer can oxidiZed. It Will be seen that each of palladium



(Pd), boron carbide (B4C), boron nitride (BN), silicon carbide (SiC), silicon nitride (Si3N4) and diamond-like carbon (dl-C)



Table 7 shoWs layer materials and thicknesses for



Examples 66 to 71 Which comprise 79 periods ofMo/Be plus



65



is deposited. This is the reference example. Example 67 shoWs that SiC is not ideal for the 11.3 nm region. HoWever,



Examples 70 and 71 shoW clearly that values of R greater than
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75.5% are still possible With such a con?guration. Rh is used to replace the Mo layer on account of its inertness and C or B4C is deposited as layer 16 With an additional coating of Ru as layer 17. This gives a tri-layer of thickness of 7.7 nm



TABLE 2-continued R



forming the protective coating structure. Examples 68 and 69 are analogous to 70 and 71 respectively, With the important distinction that the thickness of the layer 17 is increased by



2QW resulting in loWer, but still respectable, re?ectivity val



Rgpeak Rgint



5 6



Mo/Si Mo/Si



Y N



1.5 nm Rh 1.5 nm Ru



0.754 0.757



1.32 1.37



1.27 1.35



7 8



Mo/Si MoiRh/Si



Y Y



1.7 nm Ru 1.7 nm Ru



0.758 0.762



1.39 1.45



1.36 1.38



ues and With a substantially higher tri-layer thickness of 13.7



9 10



MoiRbCl/Si MoiRu/Si



Y Y



1.5 nm Ru 1.5 nm Rh



0.761 0.760



1.44 1.42



1.39 1.41



nm.



11



MoiRu/Si



Y



1.7 nm Ru



0.765



1.51



1.50



Similarly, Table 8 shoWs layer materials and thicknesses for Examples 72 to 76 Which comprise 49 periods of Mo/Si With the additional period formed by the X/Z combination again terminated With a Ru capping layer. The reference example 72 represents a fully oxidised top Si layer upon Which a Ru capping layer is applied. SiC and B 4C are the most favorable materials for the Z layer 16. HoWever, at 13.4, for Which these examples are intended, Mo cannot be replaced by



12 13



Y(n) Y



1.5 nm Ru 1.7 nm Ru



0.764 0.764



1.48 1.49



1.59 1.38



Y



1.7 nm Ru



0.764



1.49



1.44



15



MoiRu/Si MoiRhiRbCl/ Si MoiRuiZr/Si MoiRuiY/Si



Y



1.5 nm Ru



0.770



1.60



1.55



16



MoiRuiRbCl/



Y



1.5 nm Ru



0.767



1.54



1.56



17



MoiRhiSr/Si



Y



1.6 nm Ru



0.779



1.77



1.56



the more inert metal Rh, therefore a bi-layer protective struc ture is formed Where the combined thickness of layers 16 and 17 (dZ+dCL) is about 5.5-6.0 nm. In example 73 the thickness of the SiC layer is increased by 2QW resulting in a 12.6 nm



18



MoiRuiSr/Si



Y



1.5 nm Rh



0.776



1.71



1.57



19



MoiRuiSr/Si



Y



1.5 nm Ru



0.791



1.81



1.68



14



Si
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protective bi-layer thickness at the expense of re?ectivity. Other suitable materials for the capping layer are Au,



20



MoiRuiSr/Si



Y(n)



1.5 nm Ru



0.781



1.81



1.85



21



Ru/Rb



Y



1.5 nm Ru



0.779



1.77



1.41



22



Mo/Rb



Y



1.5 nm Ru



0.809



2.49



2.13



23



MoiRuiSr/Rb



Y



1.5 nm Ru



0.814



2.63



2.20
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MgF2, LiF, C2134 (te?on) and TiN While We have described above speci?c embodiments of the invention it Will be appreciated that the invention may be practiced otherWise than as described. The description is not



TABLE 3



intended to limit the invention.



R



30



TABLE 1 10.9 nm n



11.3nm k



n



13.4mm k



n



k



B



0.9786



0.0023



0.9689



0.0040



B4C



0.9753



0.0029



0.9643



0.0050



1.0081 0.9785 0.9740 0.9732 1.0380 0.9883 1.0460 0.9514



0.0010 0.0102 0.0050 0.0040 0.0159 0.0074 0.0200 0.0046



0.9892 0.9587 0.9633 0.9622 1.0074 0.9812 1.0050 0.9227



0.0018 0.0171 0.0086 0.0067 0.0062 0.0123 0.0065 0.0062



0.9198 1.0115 0.9974 0.9941 0.9236 0.9308 1.0055



0.0135 0.0125 0.0014 0.0022 0.0089 0.0063 0.0146



0.8780 0.9840 0.9941 0.9895 0.8775 0.8898 0.9999



0.0443 0.0072 0.0007 0.0019 0.0296 0.0165 0.0018



Be BeO BN C Ce Eu La Mo P Pd Pr Rb RbCl Rh Ru Si



1.0092



0.0196



1.0522 0.9902 1.0777



0.0197 0.0062 0.0601



0.9949 0.9277 1.0167



0.0014 0.0099 0.0119



0.9943 0.9313 0.9373



0.0023 0.0068 0.0056



Si aerogel



0 9988



0.0011



Porous Si



1.0015



0.0049



Si3N4



0.9864



0.0173



0.9741



0.0092



SiC



0.9936



0.0159



0.9831



0.0047



0.9865



0.0123



0.9787



0.0106



0.9928 0.9835 0.9733



0.0011 0.0020 0.0029



0.9880 0.9742 0.9585



0.0013 0.0023 0.0037



SiO2 Sr Y Zr



0.9936



0.0011



TABLE 2 R 1 2



Mo/Si Mo/Si



N N



3 4



Mo/Si Mo/Si



N Y



2 nm SiO2 (2 nm Si +) 2 nm SiO2 2 nm B 2 nm B



Rgpeak Rgint



0.731 0.741



1.00 1.13



1.00 1.07



0.751 0.752



1.27 1.29



1.25 1.26



24 25 26 27 28 35 29 30 31 32 33 34 40 35 36 37 38 39 40



Mo/Be Mo/Be Mo/Be Mo/Be Mo/Be Ru/Be Ru/Be Rh/Be Rh/Be Rh/Be Rh/Be MoiSr/Be RuiSr/Be RuiSr/Be RhiSr/Be RhiSr/Be RuiMo/Be



N N Y V Y Y Y N Y Y Y(n) Y Y Y Y Y Y(n)



2 None 1.5 nm Rh None 1.5 nm Rh 1.5 nm Ru 1.5 nm Rh 1.5 nm Ru 1.5 nm Rh 1.5 nm Rh 1.5 nm Ru 1.5 nm Rh 1.5 nm Rh 1.5 nm Rh 1.5 nm Ru 1.5 nm Rh 1.5 nm Ru 1.5 nm Ru



Rgpeak Rgint



0.775 0.782 0.780 0.787 0.788 0.810 0.811 0.793 0.793 0.794 0.811 0.799 0.822 0.823 0.810 0.811 0.812



1.00 1.08 1.06 1.15



1.00 1.08 1.00 1.06



1.16 1.49 1.50 1.10 1.23 1.24 1.50 1.32 1.70 1.72 1.49 1.50 1.52



1.08 1.68 1.70 1.33 1.29 1.31 1.77 1.21 1.97 2.00 1.64 1.67 1.72
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TABLE 4 R 50 45 46 47 48



RuiNb/Si Mo/Si RuiMo/Si RuiMo/BeiSi



Y N Y Y



2 2 2 2



nm nm nm nm



Rh Si + 2 nm SiO2 Rh Rh



Rgpeak Rgint



0.754 0.738 0.768 0.778



1.20 1.00 1.43 1.61



1.27 1.00 1.48 1.63
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TABLE 5



49 50 60 51 52 53 54 55 56 65 57



Mo/Si Mo/Si Mo/Si Mo/Si Mo/Si Mo/Si Mo/Si Mo/Si Mo/Si



Y Y Y Y Y Y Y Y Y



2 nm SiO2 2 nm Pd 2 nm Si3N4 2 nm SiC 2 nm BN ZnmRh 2 nm (til-)C 2nrnB4C ZnmRu



R



Rgpeak



Rgint



0 745 0 743 0 747 0 748 0 749 0.751 0 750 0.751 0.758



1.00 0.97 1.01 1.03 1.04 1.06 1.06 1.07 1.16



1.00 0.92 1.02 1.04 1.05 1.05 1.08



1.10 1.17
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16 Wherein said relatively inert material is selected from the



TABLE6



58 59 60 61 62 63 64 65



Mo/Be Mo/Be Mo/Be Mo/Be Mo/Be Mo/Be Mo/Be Mo/Be



Y Y Y Y Y Y Y Y



211111 B60 211111 sic 211111 BN 211111P1i 211111 (dl-)C 211111 B4C 211111R11 211111R11



K



Rgpeak



Rgint



0.774 0.769 0.779 0.781 0.781 0.782 0.786 0.788



1.00 0.94 1.06 1.09 1.08 1.09 1.15 1.17



1.00 0.92 1.09 1.10 1.11 1.13 1.18 1.21



group consisting of: diamond-like carbon, [Ru, Rh, TiN,] MgF2, LiF, C2134 and compounds and alloys thereof, wherein the optical element is con?gured to re?ect the incident radiation.



2. Apparatus according to claim 1 Wherein said relatively inert material is more inert than material from Which remain



ing portions of said optical element are formed. 3. Apparatus according to claim 1 Wherein said relatively inert material is less easily oxidized than the material from Which remaining portions of said optical element are formed. 4. Apparatus according to claim 1, Wherein said relatively inert material is harder than material from Which remaining portions of said optical element is formed. 5. Apparatus according to claim 1 Wherein said optical



TABLE7
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X/Y



X



Z



CL



Mo/Be



2.0511111



3.7711111



2.0311111



R



Rgpeak R9i11i



0.717



1.00



1.00



0.713



0.95



0.91



0.721



1.05



1.09



element is a beam modifying element.



(0.69 QW) (1.31QW) R11 67



Mo/Be



Mo 4.1211111



Mo/Be



R11 1.7011111



BeO 1.9311111



2.0411111



6. Apparatus according to claim 5 Wherein said optical



(1.35 QW) (0.68 QW) R11 68



sic 9.9511111



2.0311111



element is a re?ector having a multilayer coating on Which 20



7. Apparatus according to claim 1 Wherein said optical element is a sensor.



(0.56 QW) (3.43 QW) R11 69



R11 1.5611111



Mo/Be



c 10.0611111



1.9611111



0.739



1.30



1.25



0.756



1.61



1.57



(0.51QW) (3.47 QW) R11 70



R11



B4C



Mo/Be



1.7011111



4.1511111



Mo/Be



R11 1.5611111



1.9011111
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(0.56 QW) (1.43 QW) R11 71



c 4.2711111



1.8511111



8. Apparatus according to claim 1 Wherein said capping layer comprises tWo sub-layers of different materials. 9. Apparatus according to claim 1 Wherein said projection beam comprises radiation, having a Wavelength in the range of from 8 nm to 20 nm.



0.765



1.78



10.Apparatus according to claim 9 Wherein said projection beam comprises radiation having a Wavelength in the range of



1.73



(0.51QW) (1.47 QW) R11 R11



said capping layer is provided.



30



B4C



from 9 nmto 16 nm.



11 . Apparatus according to any one of the preceding claims



Wherein said capping layer has a thickness in the range of from 0.5 nm to 10 nm.



TABLE8 X/V



X



Z



CL



4.2411111



2.0511111



12. Apparatus according to claim 11 Wherein said capping R



Rgpeak R9i111
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layer has a thickness in the range of from 0.5 nm to 6 nm.



13. Apparatus according to claim 12 Wherein said capping 72



Mo/Si 2.8411111



73



Mo/Si 3.2811111



74



MO Mo/Si 3.8711111



75



Mo Mo/Si 3.2311111



(0.78 QW)



(1.24 QW) R11



MO



sio2



(0.90 QW) (1.07 QW)
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10.6311111



2.0611111



1.00



1.00



0.696



0.97



0.93



0.716



1.24



1.21



0.725



1.39



1.36



(3.12 QW) R11 sic 3.3811111



1.9711111



layer has a thickness in the range of from 0.5 nm to 3 nm.



14. A device manufacturing method using a lithographic apparatus, the method comprising: 40



(0.97 QW) R11 C 3.9511111



1.9211111



(0.89 QW)



(1.14QW) R11



MO



B4C



Mo/Si 3.2811111



0.699



3.5211111



1.8711111



(0.90 QW)



(1.12 QW) R11



MO



sic



irradiating said mask and imaging irradiated portions of 45



0.735



1.57



1.53



We claim:



incident radiation. 55



[15. A semiconductor device manufactured in accordance With the method of claim 14.]



[16. A lithographic projection apparatus, comprising:



60



system having an optical element With a surface on



Which radiation is incident and a capping layer covering said surface, said capping layer being formed of a rela



group consisting of: diamond-like carbon, [Ru, Rh, TiN,] MgF2, LiF, C2134 and compounds and alloys thereof, wherein the optical element is con?gured to re?ect the



1. A lithographic projection apparatus, comprising: an illumination system constructed and arranged to supply a projection beam of radiation; a ?rst object table provided With a ?rst object holder con structed and arranged to hold a mask; a second object table provided With a second object holder constructed and arranged to hold a substrate; a projection system constructed and arranged to utiliZe said radiation to image an irradiated portion of the mask onto a target portion of the substrate; and at least one of said illumination system and projection



said pattern onto said substrate; said irradiating comprising directing radiation onto a sur face of an optical element, the surface having a capping



layer formed of a relatively inert material, Wherein said relatively inert material is selected from the 50



tively inert material,



providing a mask containing a pattern to a ?rst object table; providing a substrate at least partially covered by a layer of energy-sensitive material to a second object table; and



65



an illumination system constructed and arranged to supply a projection beam of radiation; a ?rst object table provided With a ?rst object holder con structed and arranged to hold a mask; a second object table provided With a second object holder constructed and arranged to hold a substrate; a projection system constructed and arranged to utiliZe said radiation to image an irradiated portion of the mask onto a target portion of the substrate; and at least one of said illumination system and projection system having a sensor With a surface on Which radiation
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is incident and a capping layer covering said surface, said capping layer being formed of a relatively inert



wherein the optical element is con?gured to re?ect the incident radiation.



26. The lithographic projection apparatus according to claim 25, Wherein said multilayer re?ective coating comprises a plu



material, Wherein said relatively inert material is selected from the



group consisting of: diamond-like carbon (C), Ru, Rh, Au, MgF2, LiF, C2134, TiN and compounds and alloys



rality of layers of a ?rst material having a relatively loW re?ective index at the Wavelength of said projection beam.



thereof.]



[17. The lithographic projection apparatus according to



27. The lithographic projection apparatus according to claim 26,



claim 16, Wherein said relatively inert material is more inert than material from Which remaining portions of said sensor are formed.]



Wherein said multilayer re?ective coating further com prises a plurality of layers of a second material having a



[18. The lithographic projection apparatus according to



relatively high re?ective index at the Wavelength and alternating With said layers of said ?rst material. 28. The lithographic projection apparatus according to claim 25,



claim 16, Wherein said relatively inert material is less easily oxidized than the material from Which remaining portions of said



Wherein said relatively inert material is more inert than



sensor are formed.]



[19. The lithographic projection apparatus according to claim 16,



material from Which remaining portions of said optical 20



Wherein said relatively inert material is less easily oxidiZed than the material from Which remaining portions of said



formed.]



[20. The lithographic projection apparatus according to claim 16,



25



from 0.5 nm to 10



[21. The lithographic projection apparatus according to



Wherein said relatively inert material is harder than mate



rial from Which remaining portions of said optical ele



claim 20, 30



ment is formed.



31. The lithographic projection apparatus according to claim 25,



from 0.5 nm to 6



[22. The lithographic projection apparatus according to claim 20,



Wherein said capping layer has a thickness in the range of



Wherein said capping layer has a thickness in the range of from 0.5 nm to 3



optical element are formed.



30. The lithographic projection apparatus according to claim 25,



Wherein said capping layer has a thickness in the range of



Wherein said capping layer has a thickness in the range of



element are formed.



29. The lithographic projection apparatus according to claim 25,



Wherein said relatively inert material is harder than mate rial from Which remaining portions of said sensor is



from 0.5 nm to 10 nm. 35



[23. The lithographic projection apparatus according to



32. The lithographic projection apparatus according to claim 31,



claim 16, Wherein said capping layer comprises tWo sub-layers of



Wherein said capping layer has a thickness in the range of



different materials.] [24. The lithographic projection apparatus according to



33. The lithographic projection apparatus according to claim 31,



from 0.5 nm to 6 nm. 40



claim 16, Wherein said projection beam comprises radiation having a



Wherein said capping layer has a thickness in the range of from 0.5 nm to 3 nm.



Wavelength in the range of from 8 nm to 20



25. A lithographic projection apparatus, comprising: an illumination system constructed an arranged to supply a



45



projection beam of radiation; a ?rst object table provided With a ?rst object holder con structed and arranged to hold a mask; a second object table provided With a second object holder constructed and arranged to hold a substrate; a projection system constructed and arranged to utiliZe said radiation to image an irradiated portion of the mask onto



Wavelength in the range of from 8 nm to 20 nm.



35. A lithographic projection apparatus, comprising: 50



a target portion of the substrate; and at least one of said illumination system and projection system having an optical element With a surface on



55



Which radiation is incident and a capping layer covering said surface, said capping layer being formed of a rela tive inert material, 60



Which radiation is incident and a capping layer covering said surface, said capping layer being formed of a rela



tively inert material, Wherein said optical element comprises:



Wherein said relative inert material is selected from the



group consisting of: diamond-like carbon (C), boron nitride (BN), boron carbide (B4C), silicon nitride



(Si3N4), silicon carbide (SiC), B, [Pd, Ru, Rh, Au,] MgF2, LiF, C2134, TiN and compounds and alloys thereof,



an illumination system constructed and arranged to supply a projection beam of radiation; a ?rst object table provided With a ?rst object holder con structed and arranged to hold a mask; a second object table provided With a second object holder constructed and arranged to hold a substrate; a projection system constructed and arranged to utiliZe said radiation to image an irradiated portion of the mask onto a target portion of the substrate; and at least one of said illumination system and projection system having an optical element With a surface on



Wherein said optical element is a re?ector having a multi



layer re?ective coating on Which said capping layer is provided; and



34. The lithographic projection apparatus according to claim 25, Wherein said projection beam comprises radiation having a



a re?ector having a multilayer re?ective coating on said



surface, said multilayer re?ective coating comprising 65



a plurality of layers of a ?rst material having a rela



tively loW refractive index at the Wavelength of said



projection beam;
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layers of a second material having a relatively high refractive index at said Wavelength and alternating With said layers of said ?rst material; and



47. The device manufacturing method ofclaim 39, wherein the optical element comprises a re?ector 48. The device manufacturing method ofclaim 39, wherein



said capping layer comprises:



the optical element comprises a mirror



49. The device manufacturing method ofclaim 48, wherein



a ?rst sub-layer of said ?rst material; a second sub-layer of a third material having a refrac



the mirror is con?gured as a multilayer near-normal inci dence mirror.



tive index at said Wavelength higher than said ?rst



50. The device manufacturing method ofclaim 48, wherein the optical element comprises a grazing-incidence mirror 5]. The device manufacturing method ofclaim 39, wherein the optical element comprises an integrator 52. The device manufacturing method ofclaim 39, wherein the optical element comprises a scattering plate. 53. The device manufacturing method ofclaim 39, wherein



material and being more inert than said second



material; and a third sub-layer formed of a fourth material that is



relatively inert, said ?rst, second and third sub layers being provided in that order With said third sub -layer outermost, wherein the optical element is con?gured to re?ect the incident radiation.



the optical element comprises a sensor.



36. The lithographic projection apparatus according to claim 35,



54. The device manufacturing of claim 53, wherein the optical element comprises an image sensor



55. The device manufacturing method ofclaim 53, wherein



Wherein said third material has a refractive index at said



Wavelength greater than about 0.95 and an extinction coe?icient at said Wavelength less than about 0.01.



20



56. A lithographic apparatus, comprising:



37. The lithographic projection apparatus according to claim 36, Wherein said ?rst material is one or more materials selected



from the group consisting of Mo, Ru, Rh, Nb, Pd,Y and



25



Zr, as Well as compounds and alloys of these elements;



surface on which said radiation is incident, said capping 30



B4C, BN, diamond-like carbon (C), Si3N4 and SiC; and



wherein the optical element is con?gured to re?ect the



Au, Ru, Rh, Pd, B, MgF2, LiF, C2134, TiN, boron nitride



incident radiation.



(BN), boron carbide (B4C9), silicon nitride (Si3N4), Sili 35



pounds and alloys thereof. 38. The lithographic projection apparatus according to claim 35, 40



39. A device manufacturing method comprising:



layer of energy-sensitive material; 45



tion is incident, said capping layer beingformed ofa relatively inert material selectedfrom the group consist



ing of' diamond-like carbon, TiN, MgF2, LiF, C2F4 and compounds and alloys thereof," and irradiating a targetportion ofthe substrate with the radia



50



tion to image a pattern onto the substrate,



wherein the optical element is con?gured to re?ect the



the the the the the the the



66. The lithographic apparatus ofclaim 65, wherein the



incident radiation. 55



4]. The device manufacturing method ofclaim 40, wherein the mask is con?gured as a multi-layer mask.



42. The device manufacturing method ofclaim 39, wherein the optical element comprises a beam-modi?1ing element. 43. The device manufacturing method ofclaim 39, wherein the optical element comprises a beam-directing element. 44. The device manufacturing method ofclaim 39, wherein the optical element comprises a beam-focusing element. 45. The device manufacturing method ofclaim 39, wherein the optical element comprises a beam-shaping element. 46. The device manufacturing method ofclaim 39, wherein the optical element comprises a beam-controlling element.



59. The lithographic apparatus ofclaim 56, wherein optical element comprises a beam-modifying element. 60. The lithographic apparatus ofclaim 56, wherein optical element comprises a beam-directing element. 6]. The lithographic apparatus ofclaim 56, wherein optical element comprises a beam-focusing element. 62. The lithographic apparatus ofclaim 56, wherein optical element comprises a beam-shaping element. 63. The lithographic apparatus ofclaim 56, wherein optical element comprises a beam-controlling element. 64. The lithographic apparatus ofclaim 56, wherein optical element comprises a re?ector 65. The lithographic apparatus ofclaim 56, wherein optical element comprises a mirror



40. The device manufacturing method ofclaim 39, wherein the optical element comprises a mask



optical element comprises a mask.



58. The lithographic apparatus ofclaim 57, wherein the



providing a substrate that is at least partially covered by a



directing radiation towards an optical element having a capping layer that covers a surface on which the radia



57. The lithographic apparatus ofclaim 56, wherein the mask is con?gured as a multi-layer mask.



Wherein said projection beam comprises radiation having a Wavelength in the range of from 8 nm to 20 nm.



layer beingformed ofa relatively inert material selected from the group consisting of' diamond-like carbon, TiN,



MgF2, LiF, C2F4 and compounds and alloys thereof



said fourth material is selected from the group consisting of con carbide (SiC), diamond-like carbon (C), and com



an illumination system constructed and arranged to supply a beam ofradiation; a projection system constructed and arranged to utilize said radiation to image apattern onto a targetportion of a substrate; and an optical element having a capping layer that covers a



said second material is one or more materials selected from



the group consisting of Be, Si, Sr, Rb, RbCl and P, as Well as compounds and alloys thereof; said third material is selected from the group consisting of



the optical element comprises a spot sensor



60



mirror is con?gured as a multilayer near-normal incidence mirror



67. The lithographic apparatus ofclaim 65, wherein optical element comprises a grazing-incidence mirror 68. The lithographic apparatus ofclaim 56, wherein optical element comprises an integrator 69. The lithographic apparatus ofclaim 56, wherein optical element comprises a scattering plate. 70. The lithographic apparatus ofclaim 56, wherein



the the the the



optical element comprises a sensor.



7]. The lithographic apparatus ofclaim 70, wherein the 65



optical element comprises an image sensor



72. The lithographic apparatus ofclaim 70, wherein the optical element comprises a spot sensor



US RE42,338 E 21 73. A device manufacturing method, comprising: providing a substrate that is at least partially covered by a



22 where the mask is con?gured to re?ect the incident radia lion



[ayer ofenergy_sensizive material; 74. A mask configured to pattern radiation in a litho graphic apparatus, the mask comprising: directing radiation towards a mask to form a patterned a capping layer that covers a surface on which the radia beam ofradiation, the mask having a capping layer that 5 tion is incident, an outermost layer ofsaid capping layer covers a surface on which the radiation is incident, an



outermost layer ofsaid capping layer beingformed ofa relatively inert material selectedfrom the group consist



ing ofdiamond-like carbon, Rh, UN, MgFZ, LiE C2F4 and compounds and alloys thereof orfrom the group 10 consisting ofRu and a non-oxidized compound thereof," and irradiating a target portion of the substrate with the patterned beam ofradiation,



beingformed ofa relatively inert material selectedfrom the group consisting ofdiamond-like carbon, Rh, YiN,



MgFZ, LiF, C2F4 and compounds and alloys thereofor from the group consisting of Ru and a non-oxidized



compound thereof wherein the mask is configured to re?ect the incident radia
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