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(57) ABSTRACT 

Apparatus and methods are disclosed for forming plasma 
generated EUV light source optical elements, e. g., re?ectors 
comprising MLM stacks employing various binary layer 
materials and capping layer(s) including single and binary 
capping layers for utilization in plasma generated EUV light 
source chambers, particularly Where the plasma source 
material is reactive With one or more of the MLM materials. 
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EUV LIGHT SOURCE OPTICAL ELEMENTS 

RELATED APPLICATIONS 

[0001] The present application is a continuation of US. 
patent application Ser. No. 11/021,261, ?led on Dec. 22, 
2004, Which is a continuation-in-part of US. patent appli 
cation Ser. No. 10/979,945, entitled LPP EUV LIGHT 
SOURCE, ?led on Nov. 1, 2004, Attorney Docket No. 
2004-0088-01, and Ser. No. 10/900,839, entitled EUV 
LIGHT SOURCE, ?led on Jul. 27, 2004, Attorney Docket 
No. 2004-0044-01, and Ser. No. 10/803,526, entitled HIGH 
REPETITION RATE LPP EUV LIGHT SOURCE, ?led on 
Mar. 17, 2004, Attorney Docket No. 2003-0125-01 and Ser. 
No. 10/798,740, entitled COLLECTOR FOR EUV LIGHT, 
?led on Mar. 10, 2004, Attorney Docket No. 2003-0083-01, 
the disclosures of each of Which is incorporated by refer 
ence. 

FIELD OF THE INVENTION 

[0002] The present invention relates to extreme ultraviolet 
(“EUV”) light generators providing EUV light from a 
plasma created from a source material and collected and 
directed to a focus for utiliZation outside of the EUV light 
source generation chamber, e.g., for semiconductor inte 
grated circuit manufacturing photolithography process per 
forming machines, e.g., at Wavelengths of around 20 nm and 
beloW. 

BACKGROUND OF THE INVENTION 

[0003] It is knoWn that for extreme ultraviolet (“EUV”) 
light, e.g., at Wavelengths of around 20 nm or less, some 
times also referred to a soft-xrays, e.g., at 13.5 nm, re?ective 
optical elements Will be needed, e.g., for collecting and 
focusing the EUV light generated from a plasma created 
from a source material. At the Wavelengths involved, either 
graZing angle of incidence or multi-layer mirror (“MLM”) 
so called normal angle of incidence re?ectors Will be nec 
essary for the collection and focusing of the light emitted 
from the plasma, Whether an electric discharge produced 
plasma (“DPP”) produced by an electrical discharge 
betWeen a pair of electrodes or a laser produced plasma 
(“LPP”) produced by a focused laser beam irradiating a 
target material to produce the plasma. 

[0004] In the process of the creation of the plasma for the 
emission of EUV light several harsh results of the plasma 
creation are released into the environment in the EUV light 
source generation chamber around the plasma that are 
potentially very damaging to materials comprising, e.g., the 
collector/director optical element, e.g., heat, high energy 
ions and scattered debris from the plasma formation, e.g., 
atoms or clumps of source material not ioniZed in the plasma 
formation process. The heat, high energy ions and/ or source 
material may be damaging to the optical elements in a 
number of Ways, including simply heating them, penetrating 
into them and, e.g., damaging structural integrity and/or 
optical properties, e.g., the mechanics of MLM operation to 
re?ect light at such short Wavelengths, corroding or eroding 
them and/or di?‘using into them. The source materials may 
be particularly reactive, e.g., With a material making up at 
least one layer of the MLM, e.g., lithium and silicon, so that 
steps may need to be taken to reduce the potential effects of 
the reactivity, especially at elevated temperatures, and/or 
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keep the materials separated, e. g., either by capping layers or 
by intermediate diffusion barrier layers or both. Temperature 
stability, ion-implantation and diffusion problems may need 
to be addressed even With less reactive source materials, 
e.g., tin, or indium or xenon. 

[0005] In addition, the nature of debris management for 
the EUV light source chamber may result in increasing the 
harshness of the environment in Which the MLM stack and 
its protective overcoating (capping) layer(s) need to operate 
and protect the underlying binary multilayer stack. This 
needs to be done Without detracting signi?cantly from 
overall re?ectivity at the same time. Technique employed 
may be, e.g., heating the re?ector to elevated temperatures 
of, e.g., over 5000 C., e.g., to evaporate debris from the 
re?ector surfaces and/or utiliZing an etchant, e.g., a halogen 
etchant to etch debris from the re?ector surfaces and/or 
creating a shielding plasma in the vicinity of the re?ector 
surfaces, as discussed further in the above referenced co 
pending patent application. 

[0006] Applicants propose a variety of MLM arrange 
ments and materials useful in optimiZing the re?ectivity of 
the optical elements to incident EUV light and the lifetime 
of the optical elements in the harsh environment, Where, by 
Way of example some 16 to 48 thousand plasma formations 
may occur per second of operation of the plasma generated 
EUV light source in close proximity to the collector/ director 
and other optical elements in a light source chamber in 
Which the optical elements must remain for months if not a 
year or more at a time, due to the di?iculties engendered by 
breaking the seal of the light source chamber to replace 
optical elements and due to the expense of replacement of 
such optical elements. 

[0007] Some have discussed lithium compatibilities With 
other materials and lithium di?fusion, but not in the context 
of MLM and particularly not in the context of providing a 
suitable collector/director for an EUV light source With a 
reactive plasma source materials and speci?cally not in the 
context of a lithium plasma source material. M. Eckhardt, et 
al. “In?uence of doping on the bulk diffusion of Li into 
Si(100)”, Surf. Sci. 319, 219-223 (1994) discusses the 
in?uence of doping on bulk diffusion of Li into a Si crystal. 
The article describes the in?uence of doping on the bulk 
diffusion of Li into Si(100). They state that for an n-type 
doped Si(100) surface there is no lithium diffusion into the 
bulk at temperatures beloW 1000 K (=730o C.). Applicants 
propose to apply this principle to the provision of suitable 
EUV optical re?ecting elements Where the source material 
for the plasma is a reactive element, e.g., lithium. 

[0008] Yttria has been used by the fusion community to 
protect the ?rst reactor Wall from the hot lithium by means 
of a coating. Also Work on Mo/Y multilayers has been done 
by Livermore Laboratories National Laboratories (“LLNL”) 
for re?ection in the Wavelength range of 7-12 nm. HoWever 
applicants are not aWare of use of yttrium for collector/ 
director or other optics in a plasma generated EUV light 
source for protection of the optics, e.g., from a reactive 
source material, e.g., lithium. 

[0009] Also see Compatibility of insulating ceramic mate 
rials With liquid breeders, Mitsuyama et al., Fusion Eng. 
Des. 39-40, 811(1998), Pint et al., “High temperature com 
patibility issues for fusion reactor structural materials”, 
Fusion Sci. Technol. 44, 433-440 (2003); Sarafat, et al., 
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“Coolant structural materials compatibility,” Report, Apex 
meeting, Mar. 24, 2000; Kloidt et al, Appl. Phys. Lett. 58 
(23), 2601-2603 (1991) 

[0010] Others have discussed MLM materials and prop 
erties, but not in the context of plasma generated EUV light 
sources and also not reactive source materials, and particu 
larly not in the context of the use of lithium as a plasma 
source material. Several patents and articles have discussed 
MLM materials and capping layers, but not in the context of 
the requirements for a plasma generated EUV collector/ 
director and other EUV source chamber optics, e.g., tem 
perature stability requirements at relatively elevated tem 
peratures, and also not in the context of a reactive EUV 
plasma material and particularly lithium. Mo/Y MLMs 
Without barrier layers have been shoWn to be thermally 
stable to 2500 C. by Bajt et al., LLNL group, e.g., in Bajt, 
et al., “Mo:Y multilayer mirror technology utiliZed to image 
the near-?eld output of a Ni-like sn laser at 11.9 nm”, Optics 
Letters, Vol. 28, No. 22 (Nov. 15, 2003 p. 2249, and 
KjornrattanaWanich, “Re?ectance, optical properties and 
stability of molybdenum/ strontium and molybdenum/yt 
trium multilayer mirrors, Ph. D. Dissertation (University of 
California Davis, Report UCRL-LR-150541 (2002). If 
yttrium layers have just the right very small amount of 
oxygen or if they are essentially oxygen-free then Mo/Y 
multilayer may be stable also at temperatures above 2500 C., 
as indicated by the referenced KjomrattanaWanich Disser 
tation, Where it Was observed that there is a higher contrast 
for Mo/Y multilayers in cross-sectional transmission-elec 
tron microscope pictures after heating (annealing) of the 
Mo/Y mirrors. US. Pat. No. 6,724,462, issued to Singh, et 
al. on Apr. 20, 2004, entitled CAPPING LAYER FOR EUV 
OPTICAL ELEMENTS, discusses EUV re?ectors for 
lithography tool environments not subject to the rigors of the 
environment Within a plasma produced EUV light source 
that must be accounted for in selecting appropriate materials 
for the re?ectors, including, e. g., the choice betWeen graZing 
angle or incidence re?ecting layers and multilayer mirrors 
for more normal angle of incidence, the shape and proximity 
of re?ector surfaces to the plasma, the plasma source mate 
rial, debris mitigation steps taken, e.g., elevated tempera 
tures for debris evaporation, halogen debris etching, debris 
diffusion, etc. Rather the materials selected by the ’462 
patent and others are based almost exclusive on maximiZing 
re?ectivity in a relatively sterile and pristine environment of 
a lithography tool utiliZing EUV light for photoresist expo 
sure, Where, e.g., the capping layer is selected to be “rela 
tively inert” to the surrounding environment, e.g., exposure 
to air. To similar effect is US. Pat. No. 6,656,575, issued to 
Bijkerk, et al. on Dec. 2, 2003, MULTILAYER SYSTEM 
WITH PROTECTING LAYER SYSTEM AND PRODUC 
TION METHOD, relating also to a lithography tool envi 
ronment for EUV re?ectors. US. Pat. No. 6,449,086, issued 
to Singh on Sep. 10, 2002, entitled MULTILAYER 
EXTREME ULTRAVIOLET MIRRORS WITH 
ENHANCED REFLECTIVITY is to the same effect relating 
to intermediate layer materials and a capping layer of 
“relatively inert material.” US. Pat. No. 6,228,512, issued to 
Bajt, et al. on May 8, 2001, entitled MORU/BE MULTI 
LAYERS FOR EXTREME ULTRAVIOLET APPLICA 
TIONS, relating to MoRu/Be MLM binary layers and 
roughness reducing and intermixing intermediate layers and 
oxide capping layers for systems potentially exposed to 
Water vapor. US. Pat. No. 6,780,496, issued to Bajt, et al. on 
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Aug. 24, 2004, entitled, OPTIMIZED CAPPING LAYERS 
FOR EUV MULTILAYERS including a binary capping 
layer With Ru and an undercoating to prevent Ru diffusion 
into the underlying binary layers and Ru selected for resis 
tance to oxidation in, e.g., a lithography tool environment. 

[0011] Takenaka et al., “Heat resistance of Mo/Si, MoSi2/ 
Si and Mo5Si3/Si multilayer soft x-ray mirrors”, J. Appl. 
Phys. 78, 5227 (1995) discusses the combination Mo5Si3/Si, 
but not the combination SiiMoSi2iMo5Si3iMoSi2 pro 
posed by applicants. 

SUMMARY OF THE INVENTION 

[0012] Apparatus and methods are disclosed for forming 
DPP or LPP plasma generated EUV light source optical 
elements, e.g., re?ectors comprising MLM stacks employ 
ing various binary layer materials and capping layer(s) 
including single and binary capping layers for utiliZation in 
plasma generated EUV light source chambers, particularly 
Where the plasma source material is reactive With one or 
more of the MLM materials, such as a lithium plasma source 
material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 shoWs schematically and not to scale a 
multilayer mirror (“MLM”); 

[0014] FIG. 2 shoWs schematically and not to scale an 
MLM structure and composition according to an aspect of 
an embodiment of the present invention improving upon, 
e.g., the MLM of FIG. 1; 

[0015] FIG. 3 shoWs schematically and not to scale a 
multilayer mirror; 

[0016] FIG. 4 shoWs schematically and not to scale an 
MLM structure and composition according to aspects of an 
embodiment of the present invention improving upon, e.g., 
the MLM of FIG. 3; 

[0017] FIG. 5 illustrates schematically and not to scale, 
aspects of an embodiment of the present invention using 
coatings compatible With lithium, e.g., yttrium (e.g., in the 
form of yttrium oxide, Y2O3) as protective coatings, e. g., for 
EUV multilayer stack collector/director mirrors; 

[0018] FIG. 6 illustrates schematically and not to scale an 
MLM structure and composition according to aspects of an 
embodiment of the present invention; 

[0019] FIGS. 7, 8 and 9 illustrate schematically and not to 
scale an MLM structure and composition according to 
aspects of an embodiment of the present invention; 

[0020] FIG. 10 illustrate schematically and not to scale an 
MLM structure and composition according to aspects of an 
embodiment of the present invention; 

[0021] FIG. 11 illustrate schematically and not to scale an 
MLM structure and composition according to aspects of an 
embodiment of the present invention; 

[0022] FIG. 12 illustrate schematically and not to scale an 
MLM structure and composition according to aspects of an 
embodiment of the present invention; 

[0023] FIG. 13 illustrates the re?ectivity of a Y/Mo/Si/Mo 
MLM for the number of layers. 
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DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0024] Turning noW to FIG. 1 there is shown schemati 
cally and not to scale a prior art MLM 20 structure and 
composition including a ruthenium capping layer 22 and an 
underlying intermediate layer 24, Which may be, e.g., a 
source material diffusion barrier layer 24, Which may be 
selected for its resistance to diffusion of a selected material, 
or its compounds, e.g., the source material for the EUV 
plasma, e.g., lithium. The MLM 20 may be comprised of a 
plurality of binary layers 30 made up of an absorber layer, 
e.g., a molybdenum layer 32 and a spacer layer 34 e.g., of 
silicon. 

[0025] Source material diffusion through the diffusion 
barrier layer 24 and into the binary layer(s) 30 and the 
formation betWeen the layers 32 and 33 of a source material 
silicide, e.g., lithium silicide, Which can cause, e.g., a 
roughness of the Mo and/or Si at the Mo/Si interface. This 
can detract from the binary layers 30 thermal stability at 
elevated temperatures, and also impact the re?ectivity of the 
individual binary layers 30 and the MLM as a Whole. 

[0026] FIG. 2 shoWs schematically and not to scale a 
MLM 20' like that of FIG. 1 With the spacer layer 34, e.g., 
of silicon replaced With a spacer layer 34', Which may 
comprise a layer of spacer material, e.g., silicon, doped With 
a material that Will react With lithium, e.g., an n-type dopant, 
e.g., phosphorous. This silicide layer 34' Which can then 
serve to block the di?‘usion of the reactive source material, 
e.g., lithium through the doped silicon layer 34' resulting in 
the prevention of the formation of, e.g., a silicide layer at the 
interface betWeen the Mo and Si and therefore, being much 
less destructive of the effectiveness of the respective binary 
layer 30 and the MLM 20' as a Whole. 

[0027] By applying the effectiveness of a doped layer 34' 
blocking or at least signi?cantly reducing the diffusion of the 
reactive source material, e.g., lithium through the silicon 
layers 34' in the multilayer mirrors 20', the lithium Will not 
penetrate so deeply into the n-doped Si layer 34', or form a 
silicide at the Si/Mo boundary. 

[0028] The Si layers 34' of a multilayer mirror 20' binary 
layer 30, e.g., for re?ecting EUV light at around 13.5 nm 
EUV, With the introduction of the dopant material, e.g., an 
n-type dopant reduces the solubility of lithium. This elimi 
nates (or at least strongly reduces) penetration of the silicon 
layer 34' by diffusion of lithium and prevents or strongly 
reduces the formation of silicides at the Mo/Si interfaces. 
Reduction of intermixing and reaction Zones at the interface 
of the materials of the binary layer 30, e.g., the Mo/Si 
interface can preserve more sharply de?ned multilayer 
boundaries that produce higher re?ectivities and better ther 
mal stability. 

[0029] According to aspects of an embodiment of the 
present invention this can be applied to other Well-knoWn 
types of Mo/Si multilayers and also to the proposed high 
temperature stable multilayer mirror candidates (like MoSi2/ 
Si, Mo2C/ Si or Mo/ Si multilayers With other interface layers 
such as thin diffusion/intermixing barrier layers). Here also, 
if a reactive source material, e.g., lithium gets in contact With 
the material of, e.g., a spacer layer, e.g., a Si layer, e.g., a 
silicide formation and intermixing can occur. Again, this can 
reduce the contrast at the multilayer boundaries and lead to 
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a reduction in the MLM re?ectivity and thermal stability. 
The doping of the spacer layer material, e.g., With an n-type 
dopant can have the same bene?cial effect in these other 
forms of MLM binary layers in addition to simply Mo/Si 

[0030] Even With the multilayer mirror protective capping 
layer 22, e.g., of ruthenium capping the underlying binary 
layers 30 comprising, e.g., a Si spacer layer 34 and a 
molybdenum absorber layer 32 the reactive source material, 
e.g., lithium may still penetrate to the underlying silicon 
layers 34', e.g., through voids and grain boundaries of the 
capping metal layer 22 and even through underlying 
absorber layers 32, e.g., molybdenum layer 32. Lithium can 
then diffuse into the bulk of the Si layers 34'. The diffusion 
rate of Li into Si depends on the solubility of lithium in Si 
because the lithium concentration cannot exceed the solu 
bility. The solubility is higher for higher temperatures and 
for p-type doped Si. Therefore, and in particular for MLMs 
operated at elevated temperatures, it is of advantage to use 
n-type doped (e.g., phosphorus-doped) Si, since this 
decreases the solubility and thus the bulk-diffusion of 
lithium into the silicon. 

[0031] The Si spacer layers 34' of the MLM coatings are 
n-type doped (resistivity~l0-30 Q cm). This can be done for 
instance, by using an appropriate n-type doped sputter 
target, if the coating is produced by a sputtering technique 
like magnetron sputtering. Even at higher temperatures the 
lithium diffusion into the Si layer 34' is reduced. 

[0032] Turning NoW to FIG. 3 there is shoWn schemati 
cally and not to scale an MLM 40, Which may comprise a 
plurality of binary layers 50 built onto a suitable substrate 
42, Which may comprise, e.g., silicon, silicon carbide or 
molybdenum. The plurality of binary layers 50 may each 
comprise an absorber layer, 54, made, e.g., of molybdenum 
and a spacer layer 52 made, e.g., from silicon. The plurality 
of binary layers 50 may be capped by a binary capping layer 
60, made, e.g., from a top capping layer 62 of ruthenium 
underlain by a source material diffusion barrier layer 64, 
e.g., made of, e.g., a carbide or a boride or a nitride, or 
yttrium or Zirconium, or compounds or alloys thereof. The 
binary capping layer 60 may in turn be covered With a 
coating 66 comprising, e.g., the reactive source material 
itself, e.g., lithium. 

[0033] This coating layer 66 of lithium may be the direct 
result of creating plasma of lithium in close proximity to the 
collector/director formed using the MLM 40, e.g., With an 
LPP initiating the plasma by irradiation With a laser beam of 
a target made of the source material, Which may be, e.g., 
lithium. The collector/director mirror 40 of the EUV light 
source, e.g., an LPP EUV light source, but also perhaps a 
DPP EUV light source, Will likely be covered by a layer 66 
comprising, e. g., several atomic layers of lithium originating 
from the source. If the lithium coating 66 is only a feW 
nanometers thick, the mirror 40 re?ectivity Will not be 
signi?cantly reduced according to applicants’ assignee’s 
investigations. Ending the coating With a Ru capping layer 
60 that is, e.g., resistant to attack by a reactive source 
material, e.g., lithium and also, e.g., to oxidation, e.g., 
ruthenium may be a solution to corrosion and/or oxidation. 

[0034] HoWever, as shoWn in FIG. 4, applicants propose to 
place a relatively transparent spacer layer 70 on top of the 
capping oxidation and corrosion resistant layer, e.g., a Ru 
capping layer 60, Which can conserve the bilayer spacing of 
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the multilayer mirror 40' and, therefore lead to a smaller 
reduction of the peak re?ectivity. Such a layer 70, Which 
may be comprised of, e.g., a compound of the material, the 
diffusion of Which is to be blocked, also needs to be resistant 
to lithium exposure. The placement of the relatively trans 
parent spacer layer 70, as discussed in more detail beloW, on 
the Ru layer 62 can form a binary capping layer 72 that acts 
much like the underlying binary MLM stack binary layers 
50 in contributing to the re?ectivity of the MLM 40'. 

[0035] A collector/director mirror may be formed of a 
high-temperature, e.g., around 2500 C. to 500° C.-stable 
multilayer stack, Which can include binary layers of Mo 
and/or its compounds and Si and/or its compounds, e.g., 
MoSi2/Si or Mo2C/Si, and also including, e.g., Mo/X/Si/X, 
Where X represents a compound thin ?lm that can be used 
as inter-diffusion barrier layer. All these possible stacks 
hoWever, can contain an element that is reactive With a 
reactive source material, e.g., lithium, e.g., Si or silicon 
compound layers that are prone to attack by and chemical 
reaction With, e.g., lithium. The Mo and/or Mo compound 
layers may not completely inhibit diffusion of lithium to the 
underlying layers. A ruthenium capping layer, preferentially 
deposited on top of a very thin diffusion barrier consisting 
of, e.g., borides or carbides or nitrides, like C, B4C, BN, SiC, 
ZrB2, NbB2, ZrN, NbN, Si3N4, etc., can serve to protect the 
layers beloW from lithium attack. Even if the MLM collec 
tor/director mirror is heated, in an effort to evaporate depos 
ited debris comprising the reactive source layer, e.g., 
lithium, several atomic layers of lithium deposition can 
build up on its surface due to the exposure of lithium ?ux 
from the DPP/LPP source. The layer thickness of a mono 
layer (a single atomic layer) of lithium can be, e.g., about 0.3 
nm. A feW monolayers of lithium Will not absorb much 13.5 
nm EUV light, e.g., the single-pass transmission of a 20 nm 
thick of lithium is around 80%. Nevertheless, the lithium 
layers Will reduce the re?ectivity of the coating. This is in 
part because the lithium absorber layer is deposited in the 
“Wrong place” on the multilayer stack. In addition, the Ru 
layer may have voids through Which the lithium may reach 
the underlying Si layer(s) Where it Will induce chemical 
reactions leading to a degradation of the re?ection properties 
of the multilayer stack. 

[0036] As shoWn in FIG. 4 the multilayer mirror 40' 
having a plurality of binary layers 50 optimiZed for around 
13 .5 nm and for high-temperature stability must be protected 
against di?fusion, reaction and corrosion, e.g., by a reactive 
source material, e.g., lithium This can be done by means of, 
e.g., at least one protective capping layer 60 made of Ru as 
shoWn in FIG. 3. Multilayer mirrors, e.g., MLM 40' opti 
miZed for ~13.5 nm typically require silicon spacer layers 
52. If the mirror 40' is exposed to a reactive source material, 
e.g., lithium, hoWever, the silicon layer(s) 52 needs to be 
protected from attack by lithium. This can be achieved by a 
ruthenium capping layer 60, Which may be separated from 
the last Si layer 52 by a thin di?‘usion barrier layer 64, since 
the Ru in capping layer 62 is not attacked by lithium. 
Furthermore, lithium Will not diffuse into the Ru layer and/or 
through the barrier layer 64 to the underlying binary MLM 
layers 50. HoWever, the Ru capping layer 62 can only be a 
feW nanometers thick in order not to signi?cantly reduce the 
re?ectivity of the MLM 40. A very thin diffusion barrier 
layer 64 consisting of, e.g., borides or carbides, e.g., less 
than 1 nm thick, can aid in providing a Well-de?ned layer 
boundary betWeen the Si and the Ru capping layer. 
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[0037] In order not to signi?cantly decrease the over-all 
re?ectivity of the MLM 40, hoWever, a further improvement 
may be obtained as shoWn With respect to the improved 
MLM 40' shoWn in FIG. 4, if the protective capping layer 62 
is itself a binary layer 72, as shoWn in FIG. 4. Such a 
structure according to aspects of an embodiment of the 
present invention can act like the binary absorber/spacer 
layers 50 of a MLM 40'. This capping binary layer 72 can 
consist of an absorber layer 62, e.g., comprised of the Ru 
capping layer 62, shoWn in FIG. 3, and an appropriate spacer 
layer 70, Which may comprise compound of a reactive 
source, e.g., a lithium niobate (LiNbO3) layer 70. 

[0038] The selected binary capping binary layer 72 spacer 
layer 70 can be chosen to have a fairly high transparency to 
the selected EUV Wavelength, e.g., 13.5, to act as a capping 
binary layer 72 spacer layer 70 and also to block diffusion 
of reactive source material, e. g., lithium through the capping 
binary layer 72 spacer layer 70 and into the underlying layer 
62 and further into the underlying binary layers 50 contain 
ing material With Which the reactive source material, e.g., 
lithium is desired to be prevented from reacting, e. g., silicon. 
The compound of the reactive source material, e.g., lithium 
niobate, can also serve to alloW for some additional built up 
of source material, Whether reactive With the underlying 
layers or not. The buildup of source material, Whether 
reactive of not, e.g., lithium, but also possibly tin, iridium or 
xenon, on top of the LiNbO3 layer 70, Will occur at the 
correct position for interference Within the capping binary 
layer 72 absorber layer 70, e.g., comprising lithium. The 
overall re?ectivity of the MLM 40' Will not be signi?cantly 
a?fected. That is to say, the spacer layer 70 formed on the 
absorber Ru layer, forming a binary capping layer 72 func 
tions similarly to the underlying binary layers 50 for pur 
poses of re?ectivity, because is comprises a relatively trans 
parent (to the desired EUV Wavelength) compound of the 
plasma source material, Whether reactive or not, and can 
accommodate the additional deposition of further source 
material, e.g., comprising several atomic monolayers of 
source material (Which may also diffuse into the source 
material compound accommodating even more than several 
monolayers of deposition, Without fundamentally changing 
the performance of the source material compound (e.g., 
LiNbO3), but also including other perhaps less reactive 
source material compounds, e.g., compounds of tin, iridium 
or xenon). A further advantage of such a layer 74, e.g., 
comprising a lithium niobate ?lm is that lithium niobate 
?lms are stable and not reactive in a lithium environment. 

[0039] Lithium can diffuse into the LiNbO3 layer 74, but 
an equilibrium is reached. In other Words, the top layer 70 
of the capping binary layer 72 is basically just like a Mo/Si 
multilayer 50, but the capping binary layer 72 is made of Ru 
and LiNbO3 that have more favorable chemistry and can 
protect the underlying multilayer mirror binary layers 50, 
comprised, e.g., of Mo/Si binary layers 50 from attack by 
lithium. The re?ection and transmission properties of the 
Ru/LiNbO3 capping binary layer 72 at around 13.5 nm are 
not quite as good as for a Mo/ Si bilayer 50, but its resistance 
to lithium attack more than o?fsets this draWback. By having 
in addition a diffusion barrier layer 64 under the capping Ru 
layer 70, as shoWn in FIG. 4, the diffusion of the lithium to 
the underlying silicon layers 52 can be reduced further and 
the protection from lithium attack can be increased, While at 
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the same time obtaining a better overall re?ectivity for the 
MLM 40' than With just a Ru capping layer 62 as shown in 
FIG. 3. 

[0040] According to the above for the improvement of the 
over-all multilayer stack re?ection capabilities, a spacer 
layer 70 may be placed above the ruthenium layer 62 Which 
can receive the depositing lithium from the exposure of the 
MLM 40' to lithium, the layers 62, 70 comprising a capping 
binary layer 72. This spacer layer 70 is selected to be 
compatible With lithium. Lithium niobate is proposed, due, 
in part, to a number of useful properties. The selected 
material, e.g., lithium niobate for use When the source 
material is lithium, is very stable and not reactive; it can be 
safely subjected to source material, e.g., lithium exposure/ 
diffusion since it already contains the source material, e.g., 
lithium; it is one of the feW lithium compounds that can be 
handled Without problems in air due to its chemical stability; 
it has excellent temperature stability, up to at least around 
10000 C.; it is mainly an electro-optical material (pieZo 
electric, ferro-electric, non-linear crystal); ?at Wafers or 
curved surfaces can be used as substrates, e.g., for forming 
the MLM by coating of multiple layers along With the top 
capping layer 70 of LiNbO3. Thin ?lms of such materials as 
lithium niobate may be generated, both polycrystalline and 
amorphous as Well as With epitaxial groWth using a variety 
of processes (CVD, laser-deposition, sputtering techniques). 
Lithium niobate, as other possible materials that may be 
selected, is also very transparent at the EUV Wavelengths of 
interest, e.g., lithium niobate is almost as transparent as 
silicon at 13.5 nm. Lithium Will diffuse into the LiNbO3, but 
an equilibrium Will be reached. Another very thin (<1 nm) 
inter-di?‘usion barrier layer 76 may optionally also be intro 
duced betWeen the layers 62, 70 of the capping binary layer 
72 comprising, e.g., the Ru layer 64 and the LiNbO3 layer 70 
to reduce lithium diffusion to the underlying silicon layers 
even further. This barrier layer 76 comprising, e.g., materials 
noted herein for such layers, can improve the protection 
from lithium attack. With a layer thickness of the Ru layer 
62 of about 2.5 nm and a thickness of the LiNbO3 layer of 
about 4.4 nm the “correct” bilayer thickness ratio for 13.5 
nm light is obtained. During use of the mirror 40', the lithium 
built up on its surface Will noW be in the “right” position, i.e., 
at the correct spacing from the underlying layer boundaries 
due to the presence of the spacer layer 70 on an absorber 
layer 62. 

[0041] Highly re?ective surfaces can be achieved by tWo 
general approaches: the most straightforWard is the utiliZa 
tion of a material Which is inherently re?ective in its 
monolithic form (e.g., aluminum, silver or gold). The second 
is to construct multiple thin layer stacks of alternating 
thickness and refractive index. The latter system type is 
generally referred to as a dielectric mirror; because high 
re?ectance is achieved not through the inherent high re?ec 
tivity of the material, but rather an optical interference 
processes that depends on the thickness and refractive index 
n of each layer. Precisely constructed thin ?lm stacks can 
result in >99% re?ectance, for visible light, though less for 
EUV, even When the materials involved are inherently 
transparent. 

[0042] Applicants also propose to use a dielectric multi 
layer mirror With >70% re?ectivity at 13.5 nm using, e.g., 
layers of a silicon compound of alternating density, e.g., 
alternating layers of SiC each having a different density. SiC 
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can handle high temperatures (2700° C.) and can be doped 
to improve electrical conductivity or other properties, e.g., 
diffusion deterrence, if desired. Since SiC/SiC stacks are of 
the same composition, thermal inter-diffusion of the layers 
Will not be an issue for applications up to, e.g., 700° C. and 
even above. Since SiC can be made electrically conductive 
by doping, DC or RF biasing of such a stacked mirror is also 
possible. 

[0043] Turning noW to FIG. 5, there is illustrated, sche 
matically and not to scale, according to aspects of an 
embodiment of the present invention applicants proposal to 
use coatings compatible With lithium, e.g., yttrium (e.g., in 
the form of yttrium oxide, Y2O3) as protective coatings for 
EUV multilayer stack collector/director mirrors or other 
EUV re?ective optics. A high-temperature multilayer-mirror 
80 based on, e.g., multilayers of binary layers, comprising, 
e.g., Mo, MoSi2 and Si layers, as noted above, may not be 
stable against attack by lithium. Similarly to the above 
discussed aspects of an embodiment of the present inven 
tion, according to another aspect of an embodiment of the 
present invention, yttrium and molybdenum may be even 
better suited than the capping binary layer of ruthenium and 
lithium niobate discussed above. 

[0044] As noted above, high-temperature multilayer mir 
rors (MLMs) need a protective layer compatible With 
lithium in order to prevent reaction With lithium and the 
protective layer and also because the protective layer has to 
have good EUV properties. At the same time that such 
materials have to be fairly transparent to EUV radiation, and 
the topmost layer(s) should also have a good stability With 
respect to sputtering by source material, e.g., lithium and 
lithium ions produced from the laser-plasma source. 
Yttrium, Zirconium, molybdenum and other transition met 
als have a relatively loW sputter yield With respect to lithium 
and are inert to reaction With lithium. In addition, they are 
still fairly transparent to 13.5 nm EUV radiation. Either a 
multilayer like Mo/Y, or With barrier layers like Mo/Z/Y/Z 
may be used as a protection against a reactive source 
material, e.g., a lithium-protective layer. Similarly, perhaps 
just a single layer of such a transition metal, e.g., Y, Zr, Nb, 
Mo, Ru, Rh or Pd or layer of, e.g., a nitride or carbide of 
such transition metal, e.g., ZrC, YN, ZrN, BN, Si3N4, B4C 
or a silicide of such a transition metal, e.g., MoSi2 may be 
used. 

[0045] Turning to FIG. 5 there is shoWn a schematic vieW 
of an MLM 80 structure and arrangement, not to scale, 
according to aspects of an embodiment of the present 
invention. Yttrium may be used in a binary capping layer 90, 
e.g., as the top or spacer layer 92 of an MLM 80. The MLM 
80 may also comprise a plurality of binary layers 82, 
comprising, e.g., a absorber layer 84, e.g., made of molyb 
denum and a spacer layer 86, e.g., made of silicon, all 
forming a multilayer stack on a substrate 88. The binary 
capping layer 90, With its yttrium spacer layer 92 and 
molybdenum absorber layer 94 may serve to combat the 
adverse impacts of a reactive source material, e.g., lithium 
being deposited on the MLM 80, Which ill effects can be 
managed similarly to the embodiment discussed above With 
respect to FIG. 4. 

[0046] Since the yttrium layer 92 Will not react With the 
lithium and if the surface of this top layer 92 oxidiZes to 
form, e.g., a YZO3 layer 95, the yttrium oxide layer 95 is 
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stable against the lithium being deposited, similarly to the 
lithium niobate discussed above. Similarly other transition 
metals such as those noted above, e.g., Zr or Mo and their 
oxides, e.g., a top layer of ZrO2 and MoO3 can both serve to 
absorb the lithium deposition and the yttrium, Zirconium or 
molybdenum can protect the underlying silicon layers from 
attack by lithium. If the, e.g., yttrium and molybdenum 
layers 92, 94 are separated by thin lithium dilfusion barrier 
layer 96, e.g., comprising carbides, nitrides or bromides, the 
di?usion of lithium can be reduced even further and the 
layers 92, 94 Will be even more stable at high temperatures, 
e.g., 400° C. -500° C.+. Applicants believe, hoWever, that in 
such an application the Mo and Y do not intermix, even at 
elevated temperatures and Without the need for an intermix 
ing barrier layer 96, but that the lithium dilfusion barrier 
layer 96 may still be useful. This may facilitate use Without 
an intermediate intermixing deterring thin ?lm betWeen the 
Mo and Y layers in the stack. An Mo/Y bilayer capping layer 
90 Will have a fairly high re?ectivity for 13.5 nm radiation. 
HoWever, they do not re?ect 13.5 nm radiation quite as Well 
as Si-based mirrors. HoWever, applicants propose, as shoWn 
in FIG. 5 to coat a Si-based high-temperature multilayer 
mirror With one or more, e.g., several binary capping layers 
90 of Mo and Y as discussed above and shoWn in FIG. 5 
(illustrating as an example a single binary capping layer 90) 
Without large loss of re?ectivity. Another possibility is to use 
a Si-free multilayer based only on, e.g., Mo and Y layers or 
Mo and Y layers and suitable barrier layers against lithium 
di?usion like ZrC, YN, ZrN or other nitrides or borides 
throughout the MLM 80, and utiliZe, e.g., the Y layer as the 
top capping layer, and perhaps also a coating 95 of Y2O3. 

[0047] As noted a high-temperature multilayer mirror 
(e.g., With MoSi2/ Si or Mo/C/Si/C or some other multilayer 
stack may be coated With a lithium-protective capping 
binary layer(s) comprising molybdenum, yttrium and per 
haps also a thin di?usion barrier layer, Which may serve as 
either an intermixing barrier layer, a lithium di?usion barrier 
layer or both. Either yttrium or molybdenum may be the 
topmost layer. The structure of the MLM 80 may comprise 
one or several periodic MoiY binary layers With (or 
Without) thin barrier layers betWeen Mo and Y A thin 
yttrium oxide (Y2O3) layer (or a Mo-oxide layer) may form 
automatically after the coating process on topmost layer, 
e. g., When the mirror is exposed to air. In any event, yttrium, 
molybdenum and yttrium oxide are resistant to lithium 
attack. Highly oxygen-free yttrium according to aspects of 
an embodiment of the present invention may be used for the 
Y layers and the coating could be done in a coating system 
With very loW base pressure, e.g., around <10-8 Torr, in 
order to, e.g., prevent coating With oxide layers during the 
processing, Which may tend to produce higher layer rough 
ness and thus interface roughness. To increase the thermal 
stability and reduce dilfusion of lithium through the Mo/Y 
capping binary layer(s) there could be thin barrier layer 
betWeen each Mo and Y layer. The thin barrier layer may 
increase the contrast betWeen the Mo and Y layers, and also 
serve as a di?usion barrier for lithium in order to prevent 
penetration and di?usion of lithium to the loWer layers of the 
multilayer stack. Good candidates for the barrier layers are 
certain nitrides, carbides or borides (like Si3N4, BN, ZrN, 
NbN, C, ZrC, NbC, SiC, B4C, ZrB2, NbB2, YN, YB6). The 
thin barrier layer on top of the Mo layer can be different from 
(or the same as) the thin barrier layer on the Y layer. The 
thickness of such barrier layers can be different (or equal). 
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It could also be that there is only one barrier layer used 
(instead of one each), e.g., on top of either the Mo or the Y 
layer, i.e., betWeen binary layers and not betWeen every 
layer of the MLM stack. 

[0048] For high re?ectivity of the multilayer mirror stack 
at 13.5 nm, the thickness of the yttrium layers is near 4 nm, 
the thickness of the Mo layers is near 2.0 nm, the barrier 
layer thickness may be less than 1 nm, e.g., about 0.5 nm. 
The thickness of the yttria layer that forms on the top yttrium 
layer may be less than 2 nm thick if the yttrium layer itself 
has a very loW oxygen content, otherWise the complete 
yttrium layer may oxidiZe. The topmost layer can be larger 
than 4 nm. The topmost layer can be any of a variety of 
transition metals, e.g., yttrium, Zirconium, molybdenum or 
ruthenium. This may also be formed into and oxide, e.g., in 
case of yttrium it can be Y2O3, about 2 nm thick, Which 
develops after ?rst exposure of the MLM to air. When the 
LPP light source is in operation, the coated mirror may be 
covered by a very thin (<1 nm) layer of adsorbed lithium. 

[0049] Yttrium may be used as the so-called spacer (in 
place of silicon for the normal MLMs) and molybdenum as 
the “absorber”, e.g., in the protective binary capping layer. 
Other possible spacer layers in place of yttrium could be 
yttrium-scandium alloys, scandium or calcium or calcium 
Zirconium, since these and their oxides (Y ScO3, CaO, 
Sc2O3, CaZrO) are resistant to lithium attack and still fairly 
transparent to 13.5 nm EUV radiation, although not quite as 
transparent as Y and Y2O3. Yttrium is one of the most 
thermodynamically stable substances against reaction by hot 
lithium, even at 800° C. 

[0050] Alternatively, rather than coating a silicon-based 
high-temperature multilayer mirror With Mo/ Z/Y / Z, Where Z 
stands for a thin barrier layer, applicants propose according 
to aspects of an embodiment of the present invention to 
construct a lithium-compatible high-temperature MLM by 
just using a Mo/Z/Y/Z multilayer MLM stack, e.g., With 
yttrium as topmost layer, Without using any silicon layers. 
The barrier layers Z may also be omitted. Applicants believe 
that in such a construction there Will be little intermixing of 
the layers, even at elevated temperatures, thus possibly 
eliminating at least one need for thin intermediate layers, 
i.e., deterrence of such intermixing leading to thermal insta 
bility. The single-pass EUV transmission at 13.5 nm through 
a 1 nm-thick layer is 99.83% for Si, 99.0% for SiO2, i.e., for 
silicon-based materials, and 99.79% forY, 98.97% for Y2O3, 
99.57% for YB6, i.e., for yttrium-based materials. 

[0051] According to aspects of an embodiment of the 
present invention, applicants propose that high-temperature 
multilayer mirrors and lithium-protective coatings be 
applied during the production process to substrates at 
elevated substrate temperatures. This can serve to enhance 
the mobility of the atoms adsorbed during deposition and 
thus lead to loWer layer roughness. Higher mobility on the 
surface produces more smooth coatings and interfaces. 
Since the high-temperature coatings last at higher tempera 
tures, e.g., in the range of 400° C. to 600° C. they may also 
be produced at these temperatures. 

[0052] During the multilayer production (coating) process 
the substrate may be kept at elevated temperatures, e.g., 
someWhere in the range of about 300° C. to 500° C. The 
atom mobility during the deposition process is thereby 
enhanced. In addition to leading to a smoothening of the 
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interfaces and a reduction in layer roughness, this Will also 
produce slightly more dense layers, Which are also bene? 
cial. Applicants propose keeping the substrate at higher 
temperatures during the layer deposition process rather than 
using a later annealing at elevated temperatures after depo 
sition at room temperature. 

[0053] As an example a high-temperature multilayer mir 
ror consisting of alternating MoSi2 and Si layers, Which 
shoW stable re?ectivity at 13.5 nm at up to 600° C., 
produced in the manner just described. Other types of 
high-temperature stable MLM coatings may also be pro 
duced in this Way. For some MLMs, hoWever, e.g., a normal 
Mo/ Si multilayer mirror, Which is not stable at such elevated 
temperatures, e.g., Without intermediate layers, e.g., inter 
mixing deterrence layers, deposition at these high tempera 
tures does not help, but can lead to severe degradation of the 
multilayer structure (e.g., by intermixing) during the pro 
duction process. 

[0054] According to aspects of an embodiment of the 
present invention applicants propose to use MoSi2/ Si mul 
tilayer coatings, since these multilayers have good thermal 
stability, at least in part because MoSi2 and Si are in phase 
equilibrium and thus form stable interfaces at the boundary 
betWeen the tWo materials Without intermixing. Other 
absorber/spacer multilayers Which are also materials pos 
sessing the other qualities of MLM multilayers for EUV 
applications, as noted above, and are also materials that are 
in phase equilibrium may also be used. The Mo content in 
the MoSi2 may have to be increased to elevate the re?ec 
tivity. Other materials may include, e.g., Mo5Si3 Which is in 
phase equilibrium With MoSi2 used “inside of’ the MoSi2 
layer, i.e., a MoSi2/Mo5Si3/MoSi2/Si as the multilayer struc 
ture absorber layer. For this system, all interface interfaces 
are made betWeen layers that are in phase equilibrium, the 
Mo content is increased and the re?ectivity is therefore 
higher. According to aspects of an embodiment of the 
present invention, MoSSi3 is used as the main absorber in a 
multilayer structure Where Si is the spacer. MoSSi3 gives 
higher re?ectivity than MoSi2 in a multilayer stack together 
With Si spacers. The layer structure is: SiiMoSizi 
M05Si3iMoSi2iSiiMoSi2iMo5Si3iMoSi2 and so on. 
This forms a binary (absorber/spacer) layer With an extra 
absorber, e.g., Mo5Si3, Which may not be compatible at the 
interface With the Si spacer layer, e.g., by being in phase 
equilibrium With the Si, sandWiched betWeen the lesser 
absorber, but Si layer interface compatible MoSi2 “normal” 
absorber layer, i.e., “inside” the normal MoSi2 layer, thereby 
providing that only intermixing and diffusion compatible 
layers, e.g., layers in phase equilibrium are next to each 
other, While providing better re?ectivity at the desired 
Wavelengths. Thereby substantially preventing intermixing 
due to diffusion betWeen layers at elevated temperatures 
results in the multilayer coating being more stable to tem 
peratures up to about 700° C., for high-temperature appli 
cation of multilayer mirrors in that part of the EUV Wave 
length range Where normally Mo/Si mirror coatings are 
used. For application With a reactive source material, e.g., a 
lithium DPP or LPP source, a Li-compatible capping layer(s) 
different from SiO2 may be required as discussed above. 

[0055] Normal Mo/Si multilayer mirrors degrade at tem 
peratures above 100-2000 C. due to interdi?‘usion/intermix 
ing and are thus high temperature unstable Without inter 
mixing barrier layers that can reduce re?ectivity. MoSi2/Si 
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coatings are stable at high temperatures but due to its optical 
properties the MoSi2 layer does not provide enough contrast 
and the peak re?ectivity is not so high. Use of MoSSi3 
increases this contrast in the multilayer stack since (com 
pared to MoSi2) its optical properties are more similar to 
Mo. The theoretical re?ectivity of Mo5Si3/ Si multilayers can 
exceed R=70% at 13.5 nm (e.g., for N=80 layers). Thin 
layers of MoSi2 betWeen the main MoSSi3 and Si layers do 
not reduce this number by much. 

[0056] According to aspects of an embodiment of the 
present invention, as shoWn in FIG. 6 an MLM 100 may be 
formed on a substrate 102 by the substrate 102 being coated 
by N successive binary layers 104 comprised of 
SiiMoSi2iMo5Si3iMoSi2 Where Si layer 106 is the 
relatively transparent (at around 13.5 nm) spacer layer and 
the sandWich layer 110 comprising, e.g., a MoSSi3 layer 112 
betWeen tWo layers 114 Which are both adjacent Si layer 106 
interface compatible and adjacent MoSSi3 layer 112 inter 
face compatible, e. g., made of MoSi2, With the layer number 
N someWhere in the range of, e.g., 40-120. Similar to the 
usual Mo/ Si multilayer the topmost layer is silicon may form 
a thin e.g., about 2 nm thick SiO2 capping layer 120 at the 
top after exposure to air. HoWever, other capping layers as 
discussed herein, e.g., yttrium, molybdenum, ruthenium, 
rhodium or palladium and compounds and combinations 
thereof could also be considered to form, e. g. single capping 
layers or binary capping layers as discussed herein. 

[0057] The individual layer thickness of the MLM 100 
may be to be optimiZed for the respective Wavelength of use. 
For optimiZation at 13.5 nm the thickness of the total 

SiiMoSi2iMo5Si3iMoSi2 binary layer 104 may be, e.g., 
around 6.9 nm. The Si layer 106 thickness may be, e.g., 
about 4 nm. The thickness of the MoSi2 sandWiching layers 
114 may be, e.g.; about 1 nm or less, typically, e.g., about 0.5 
nm or even less. The thickness of the Mo5Si3 sandWiched 
layer may be, e. g., about 2 nm in order to give the right total 
thickness and absorber to spacer ratio for the selected 
Wavelength, e.g., about 6.9 nm total thickness and about 0.4 
nm absorber thickness providing an absorber to spacer 
thickness ratio for 13.5 nm. The thickness of the capping 
layer 120 should be around ca. 3-4 nm or more, if higher 
protection is required. 

[0058] According to aspects of an embodiment of the 
present invention, if Si or Y is the capping layer, it is best 
deposited on top of the MoSi2iMo5Si3 layer iMoSiZ 
absorber sandWich layer 104, since Si and Y are highly 
transparent at around 13.5 nm and serve as spacers in the 
multilayer stack. If, on the other hand, Mo, Ru, Rh or Pd is 
used as the capping layer, it is best deposited on top of the 
Si layer 106, since they serve as absorber layers. 

[0059] According to aspects of an embodiment of the 
present invention, applicants propose to take advantage of 
the fact that MoRu alloy forms an amorphous layer rather 
than a polycrystalline layer. Amorphous layers can act much 
better as a diffusion blocker, e. g., deterring lithium di?‘usion, 
than polycrystalline layers, since the lithium can penetrate 
along grain boundaries in polycrystalline layers. A multi 
layer system 130, 130' and 130" for high re?ection of 13.5 
nm EUV radiation Which blocks lithium di?‘usion, as shoWn 
in FIGS. 7, 8 and 9, can be stable against reaction With 
lithium and also stable at high temperatures. It can be a 
high-temperature multilayer coating on its oWn as shoWn in 
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FIG. 7 or it can be a protective multilayer coating on top of 
(capping) such a multilayer coating as shoWn in FIG. 8 or on 
top (capping) a more re?ective high-temperature multilayer 
coating that uses silicon and/ or silicon compounds as shoWn, 
e.g., in FIG. 9. 

[0060] Certain elements, e.g., yttrium and Zirconium are 
compatible With lithium (do not react With lithium) and are 
also highly transparent to 13.5 nm radiation. An alloy of 
them can be used in the “spacer” layer 134 of the multilayer 
stack. A YiZr alloy forming the layer 134 is used as the 
“spacer” layer. Certain elements, e.g., molybdenum and 
ruthenium also do also not react readily and directly With 
lithium. An alloy of them can be used as “absorber” layer 
136 materials in the multilayer stack 130, 130' and 130" 
shoWn in FIGS. 7-9. A MoiRu alloy can also is used as the 
“absorber” layer 136. However, oxides of the transition 
metals like Y, Zr, Mo, Ru-oxides are susceptible to lithium 
intercalation, i.e., the lithium can penetrate native oxide 
layers, e.g., that form on top of the multilayer stack 130, 
130', 130" after its exposure to air. Therefore according to 
aspects of an embodiment of the present invention, an 
additional diffusion barrier capping layer(s) 138 may be 
applied. ZrN and YN are good candidates material for this 
capping barrier layer(s) 138. Since some lithium intercala 
tion may still happen at the topmost capping barrier layer 
138, according to aspects of an embodiment of the present 
invention applicants propose to use similar barrier interme 
diate layers 140 betWeen the absorber layers 136 and spacer 
layers 134, in order to stop the diffusion of lithium into the 
loWer layers 134, 136. MoiRu alloys Will form an amor 
phous layer, Which can also block lithium diffusion better 
than a polycrystalline Mo layer. The amorphous nature of 
the layer also reduces the roughness substantially. Some 
oxidiZed alloys of Zirconium With yttrium are knoWn as 
“yttria-stabiliZed Zirconia” (“YSZ”) may be used as high 
temperature barrier coatings, either as a capping layer 138 or 
intermediate layer 140 or both. They do not undergo any 
phase transitions at temperatures beloW about 500° C. They 
also form epitaxial layers on top of other thin ?lms, Which 
Will, therefore, seal better against lithium diffusion. The 
layer roughness is also reduced. YSZ layers also have 
smaller grain siZes than pure Zr or ZrO2. The resultant 
reduced roughness of both absorber and spacer layers leads 
to higher EUV re?ectivity. 

[0061] A multilayer coating 130, 130' and 130", e.g., as 
shoWn in FIGS. 7-9 may be applied With, e.g., a MoiRu 
alloy absorber layer 136 Which may comprise, e.g., about 
40% Mo and 60% Ru. The composition is then approxi 
mately Mo4Ru6. MoiRu used as the absorber layer 136 
may be, e.g., about 2-3 nm thick. The YiZr alloy may be 
used as the spacer layer 134 at about 4-4.5 nm thick. For 
YSZ, the composition is typically 20% or less yttrium and 
80% or more Zr. But since yttrium is more transparent than 
Zr at 13.5 nm it may be preferred to have a higher relative 
yttrium content than 20% and a loWer Zirconium content 
than 80% in the alloy as may be utiliZed to achieve the 
maximum re?ectivity. The YiZr alloy layer is expected to 
have loWer grain siZe and interface roughness compared to 
a pure yttrium layer. ZrN is one embodiment of a very thin 
intermediate barrier layer 140 at about 0.5 nm thick, applied 
betWeen the YiZr and MoiRu layers in order to block 
intermixing and diffusion. Other buffer layer materials can 
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be nitrides like YN, BN, Si3N4 or carbides like ZrC, B4C, 
NbC or Mo2C, or carbon or borides like ZrB2, YB6, MoB2, 
NbB2 or boron. 

[0062] The optimal total bilayer spacing (YiZr layer and 
MoiRu layer plus buffer layers) is about 7.2 nm for high 
normal-incidence re?ectivity at 13.5 nm. The multilayer 
coating of alternating layers of MoiRu and YiZr, either 
separated by buffer layers or not, may be applied on top of 
the collector mirror substrate 132 as a high-temperature 
capping coating that is stable under lithium exposure. Or it 
may be applied on top of a silicon-based binary layer 
high-temperature multilayer coating, as discussed above, as 
shoWn in FIG. 9 as a protective coating for lithium exposure. 

[0063] The topmost layer can be the YiZr alloy as shoWn 
in FIG. 7. It Will form a native oxidiZed yttria-Zirconia layer 
138 upon exposure to air due to oxidation. The capping 
barrier layer 138 may also be formed of the same ZrN as 
used in the intermediate barrier layers 140, e.g., on top of a 
YiZr alloy layer as shoWn in FIG. 7 or on top of a MoiRu 
alloy layer 136, e.g., in order to prevent oxidation as shoWn 
in FIG. 8. 

[0064] The capping or intermediate barrier layers may also 
comprise tWo thin layers, like ZrN at about 0.3 nm thick and 
Y at about 0.3 nm thick. Or the intermediate barrier layers 
140 can just be made from Zr and only the topmost capping 
barrier layer 138 made from ZrN or YN. 

[0065] The peak re?ectivity for a multilayer mirror using 
a binary layer, With intermediate barrier layers, of MoiRu/ 
ZrN/YiZr/ZrN at 13.5 nm can be on the order of R=50%, 
depending on the layer alloy composition. It may be higher 
for YiZr layers With high yttrium content and for MoiRu 
layers With high molybdenum content. 

[0066] According to an aspect of an embodiment of the 
present invention, applicants propose the use of a MgF2 
capping layer as a lithium diffusion barrier or an etchant 
resistant barrier, e.g., resistant to a halogen etchant provided 
to remove source material from the outer layer of the 
collector/director or other EUV optic, e.g., Br, i.e., as a 
barrier to the bromine etching the MLM layers under MgF2 
capping layer. The mirror structure of the MLM 150 as 
shoWn in FIG. 10 may be, e.g., a plurality of binary layers 
152 on a substrate 154 covered With a capping layer 156 of, 
e.g., a 10 nm layer of MgF2 deposited on top of, e.g., a 
plurality of standard MoSi2/Si binary layers 152. The MgF2 
capping layer may provide a better capping layer than 
provided in a Ru capped MLM, e.g., on top of MoSi2/Si 
binary layers 152, comprising MoSi2 absorber layer 158 and 
Si spacer layer 160 as is knoWn in the prior art, but Which 
do not provide the same level of protection against lithium 
diffusion, and in addition may not be as temperature stable 
and also do not resist bromine etching. 

[0067] Turning noW to FIG. 11 there is illustrated an MLM 
160 structure and composition according aspects of an 
embodiment of the present invention that utiliZes, e.g., a 
dual-binary MLM stack or otherWise considered a binary 
layer including a sandWiched absorber layer, comprising, 
e.g., a yttrium spacer layer 162 and a MO absorber layer 
164, and a further underlying silicon spacer layer 166 and a 
further underlying Mo absorber layer 164. This series of 
dual binary layers 170 can be repeated throughout the MLM 
160 stack to the substrate 161, With the topmost Y layer 162 
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as a capping layer or With other single or binary capping 
layers as discussed herein. The structure may also be con 
sidered as a binary MLM stack layer With a sandwiched 
Mo/Si/Mo absorber layer 168 as part of the binary layer also 
comprising the Y layer 162. The dual binary capping layer 
170, as shoWn in FIG. 11 may also form underlying repeti 
tive dual-binary stack layers 170', e.g., to form the entire 
stack or substantially the entire stack With an advantage that 
as the dual-binary capping layer 170 becomes degraded in 
performance, e.g., due to diffusion or boundary intermediate 
layer/region instability, intermixing or the like the next 
underlying dual-binary capping layer of the same construc 
tion as the original forms the next dual-binary capping layer, 
and so forth doWn the stack toWard the substrate 161. The 
thicknesses for the exemplary dual-binary layer shoWn in 
FIG. 11 may be, e.g., 4.19 nm Y, 2.75 nm Mo, 4.16 nm Si 
and 2.84 nm Mo, from top to bottom in the (Y /Mo/Si/Mo)N 
MLM 160 as shoWn in FIG. 11. 

[0068] FIG. 13 shoWs a graph ofthe re?ectivity at 13.5 nm 
of such a system for the total number of layers, i.e., for about 
100 layers, the repetitions of the four layer stack 168 Would 
be 25. FIG. 13 also shoWs that this type of four layer stack 
remains highly re?ective With the addition of further layers 
from, e.g., 100 to 200 and above and further does not 
decrease much if the stack Were to be originally 200 or so 
layers and be reduced over the life of the mirror to 100 or so. 

[0069] Turning noW to FIG. 12 there is shoWn schemati 
cally and not to scale an MLM 180, on a substrate 181, 
according to aspects of an embodiment of the present 
invention. The MLM 180 may comprise a capping absorber 
layer 182, Which may comprise, e.g., Mo and may overlay 
a spacer layer, e. g., comprising a Y capping spacer layer 184, 
together forming a binary capping layer 185. The bulk of the 
MLM 180 may then comprise a plurality of absorber layers 
182, Which may comprise, e.g., Mo, and may each overlay 
a spacer layer, e.g., a SiC spacer layer, e.g., With an 
intermixing boundary intermediate layer 192 of, e.g., a 
boride or nitride or the like as mentioned herein, e.g., SiB, 
together forming binary MLM stack layer 188. Also accord 
ing to aspects of an embodiment of the present invention, a 
diffusion boundary binary stacking layer 190, e.g., com 
prised of the same materials as the binary capping and 
diffusion barrier layer 185, i.e., by Way of example the 
binary capping layer 185 of an Mo absorber layer 182 and 
a Y spacer layer 184. 

[0070] Those skilled in the art Will understand from the 
above that a goal is to prevent a reactive source metal, e.g., 
lithium being deposited on the optical element in the EUV 
light source generation chamber, from the formation of a 
plasma from a plasma source material that produces light at 
the desired Wavelength in the EUV range, e.g., at around 
13.5 nm, from penetrating deep into the multilayer mirror 
stack and, e.g., reacting there, e.g., With the silicon in a 
layer(s) of the MLM stack, Which Would eventually destroy 
the multilayer mirror re?ectivity and signi?cantly detract 
from the desirable lifetime of the MLM in the operating 
environment. One problem is that lithium Will easily di?‘use 
through many materials, either directly through the bulk or 
through grain boundaries or along defects of the coating. 
Even though it may not react With the material of a capping 
layer, it could still penetrate and then react With layers beloW 
the capping layer. This can relatively rapidly destroy the 
multilayer structure or at least reduce the re?ectance to an 
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unacceptably small value. The fact that the mirror is heated 
potentially facilitates reactions further since it provides 
additional energy to stimulate the respective chemical reac 
tion(s). Therefore according to aspects of an embodiment of 
the present invention applicants propose to use thin coatings 
that Will not substantially react With lithium and/ or that Will 
prevent diffusion of lithium to loWer layers, even at elevated 
temperatures of 4000 C.-500o C.+. Applying principals 
learned from the fusion community With barrier coatings to 
protect the ?rst Wall, usually a vanadium alloy from the hot 
liquid lithium of the diverter system Wherein the require 
ments are someWhat similar to the requirement for a lithium 
compatible high-temperature multilayer coating, applicants 
propose improvements to EUV collector/director re?ective 
elements to better suit them for operation in the environment 
Where a reactive source metal is used to generate the DPP or 
LPP plasma, and the requirements of that environment 
Wherein EUV light is being generated and must be collected 
and directed to a focus, i.e., considerations such as the 
requirements for the effective operation of the materials 
selected in multilayer mirror stacks and at the desired 
Wavelengths. The requirement of high EUV transmission 
and good thin ?lm properties, loW intermixing, loW rough 
ness, good layer groWth, etc., all have been taken into 
account by applicants. 
[0071] Another source of information is research Work 
from the surface science community. They have studied the 
adsorption, reaction, diffusion and desorption of lithium 
layers from, generally speaking, single-crystal surfaces, e. g., 
for applications in semiconductor integrated circuit Wafer 
processing materials sciences. According to aspects of an 
embodiment of the present invention applicants have con 
sidered aspects of, e.g., oxidation of the multilayer coatings 
When they are exposed to ambient air. Generally, there are 
tWo possibilities. Athin oxide layer develops Which provides 
an effective barrier for further oxidation and the coating is 
approximately “sealed” by a usually thin oxide layer, e.g., in 
the case of silicon-layer terminated multilayer coatings, 
Which can typically exhibit a 2 nm thick stable SiO2 layer on 
top and no further oxidation. The second possibility is that 
the oxide layer thickness keeps groWing, e. g., for the case of 
Mo/Si multilayers, When the molybdenum is the top layer, 
such that due to exposure to air, the oxygen Will keep 
penetrating a Mo layer until it is fully oxidiZed. The re?ec 
tivity then decreases, since MoO3 oxide absorbs the 13.5 nm 
EUV radiation considerably more strongly than Mo. 
According to aspects of embodiments of the present inven 
tion applicants have considered the rami?cations of these 
principles to MLM’s for EUV collector/director mirror and 
other re?ector elements. 

[0072] Lithium is less reactive With SiO2 than With bulk 
Si., hoWever, at least for single-crystal surfaces the adsorp 
tion/reaction and diffusion of Li is much less strong for 
n-type doped Si. At elevated temperatures (e.g., greater than 
around 2500 C., the SiO2 top layer may to react With lithium 
more easily. Si and Li react to form LiSi (silicide) com 
pounds With various stochiometric mixtures. Bulk silicon 
has limited reactivity toWards Li, but electrochemical reac 
tion takes place at above around 4000 C. For nanomaterials, 
hoWever, this can happen at around room temperature, most 
likely due to the higher surface energy. SiO2 may be a barrier 
to lithium diffusion at room temperature, but likely ceases to 
be so at more elevated temperature. Therefore, multilayers 
terminated With Si/SiO2 are most likely prone to reaction 
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With lithium and not suitable for high-temperature MLM 
coatings in a lithium environment. One or several protective 
layers, hoWever, With perhaps also additional thin reaction 
barrier/interdi?‘usion layers are needed as protection as 
discussed above. 

[0073] It may be possible to use Mo alone as a single 
capping layer of, e.g., a Mo/Si MLM mirror. The Mo can 
oxidize, hoWever, leading to about a 10-12% loss of re?ec 
tivity. The lithium may react With the molybdenum oxide 
and form Li2O or lithium molybate (Li2MoO4) Which may 
also lead to a loss of re?ectivity, but may also eventually 
lead to stable conditions under lithium exposure. 

[0074] Applicants also consider a ruthenium capping layer 
as Workable, since Ru capping layers have been used suc 
cessfully before in other lithium environments. HoWever, 
With Ru deposited directly on top of a Si layer, there is 
interdilfusion and a ruthenium silicide intermixing layer can 
be formed, Which must be addressed in EUV MLM mirror 
applications. In order to prevent this, the LLNL group has 
suggested putting a thin B4C layer beloW the Ru capping 
layer. The Ru layer has the advantage that it is oxidation 
resistant. HoWever, there can be diffusion of the lithium into 
(and perhaps through) the ruthenium layer, at least there are 
studies for Li diffusion With single-crystal Ru surfaces, that 
suggest this is true. At 13.5 nm, ruthenium is almost as 
transparent as molybdenum, but not quite. 

[0075] There are other transition metals as candidates for 
capping layer. Rh and Pd have less tendency for oxidation 
but absorb the 13.5 nm radiation more strongly. Nb and Zr 
Will form an oxide layers but the elements themselves are 
more transparent. The EUV transparency increases as one 
goes through the periodic table from Zr to Y to Sr to Rb. 
HoWever, elemental Rb is not the best choice, as it is 
relatively more reactive With, e.g., lithium, and also melts at 
loW temperatures. Compounds of Rb, hoWever, e.g., RbCl 
could perhaps be considered. Mo/Sr multilayer coatings 
have been tested by Montcalm et al from LLNL With not 
very encouraging results. The re?ectivity decreased strongly 
after exposure to air, even When a protective carbon coating 
Was applied. Due to their relatively high 13.5 nm EUV 
transparency, Zirconium compounds. e.g., ZrC or ZrB2 are 
good candidates, at least for thin barrier layers to protect 
loWer layers and to prevent Li di?‘usion. 

[0076] Yttrium and yttrium compounds seem to be very 
promising for use in applications according to aspects of an 
embodiment of the present invention). Mo/Y have been 
made successfully by S. Baijt et al. from the LLNL group 
after they obtained good sputter targets and had better UHV 
magnetron-sputtering conditions. They made and studied 
these multilayers for the region of 7-12 nm, mainly at around 
11.5 nm. Mo/Y MLMs are good in the fairly broad region 
from 6-15 nm (at least theoretically), but they do not reach 
the re?ectivity of Mo/Si in the 12.4-15 nm range. Mo as the 
top layer has been found to be better than yttrium on top, and 
also better than a Pd capping layer, in the cases studied (for 
11.5 nm MLM). If at the top, the yttrium layer apparently 
oxidiZes completely, and perhaps some of the Mo beloW. 
The oxide background of the vacuum system during depo 
sition and the oxide contend of the yttrium is very important 
for the achieved re?ectivity. After annealing at elevated 
temperatures, e.g., 250, 380 and 480° C. there Was better 
contrast in TEM results betWeen the Mo and Y layers, but 
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the re?ectivity Was only stable to 250° C. for the system 
studied. The sputter target With someWhat higher oxygen 
content provided higher EUV re?ectivity than the Mo/Y 
MLM With very loW oxygen containing yttrium. The oxygen 
could have had a smoothening e?‘ect. According to aspects 
of an embodiment of the present invention applicants 
believe that very oxygen-free yttrium used as sputter target 
Will result in only a thin (about 2 nm thick) Y2O3 layer being 
formed and the yttrium beloW Will not be attacked since it is 
relatively oxygen-free. This may also lead to better high 
temperature stability With more oxygen-free yttrium layers 
(oxygen-free sputter target). 

[0077] Other useful information comes from the fusion 
community. There an insulating lithium-resistant coating is 
needed to separate the hot liquid lithium from the vanadium 
alloy Wall, and oxide layers used in this context include: 
A1203, MgO, AlN, BN, CaO, Y2O3, BeO, Er2O3, Sc2O3, 
CaZrO, YScO, Si3N4, LiAlO3, HfO2, ZrO2 and others, some 
of Which have been shoWn to be effective in such applica 
tions at elevated temperatures, e.g., above 5000 C. and even 
up to 1000° C. CaO and AlN are leading high temperature 
candidates, but CaO layers may have some draW-backs for 
EUV MLM applications, e.g., mass losses at high tempera 
ture. Y2O3 and Sc2O3 seem to be the most stable oxides for 
hot lithium, e.g., yttria (Y 2O3) may be the most thermody 
namically stable With very little corrosion. Other possible 
oxides are Er2O3, YScO3, and CaO. SiO2, in contrast, is only 
marginally stable for Sn-25Li alloys, for example. Given the 
density the 13.5 nm transmittance of a single layer of, e.g., 
1 nm in thickness can be calculated and, e.g., single-pass 
transmission for Si: 99.83%, for Y: 99.79%, for Y2O3: 
98.97%, for Sc2O3: 98.23%, for YB6: 99.64%, for CaO: 
98.76%, to name some.) It is possible, that a YLiO2 layer can 
form on the yttria. 

[0078] Yttrium or yttrium compounds have good proper 
ties With respect to lithium and shoW little reaction. Accord 
ing to aspects of an embodiment of the present invention, 
applicants propose yttrium compounds, e.g., yttrium 
hexaboride for use as the thin intermediate layer for diffu 
sion and intermixing deterrence in multilayer stacks. 
According to aspects of an embodiment of the present 
invention, applicants also consider using a Y2O3 layer 
formed after exposure of yttrium to air as a capping layer. 
With respect to sputtering resistance by lithium ions, Y 
should be as good as similar transition metals and better than 
Si, for example. 

[0079] According to aspects of an embodiment of the 
present invention applicants also consider coating a high 
temperature multilayer (like MoSi2/ Si) With protective lay 
ers of Mo and Y, separated, for example, by thin barrier 
layers to provide temperature stability (e.g., through inter 
mixing deterrence) and a diffusion barrier for lithium. Since 
Mo/Y is probably not stable at above 250° C., a barrier layer 
might be needed. Carbon or B4C may be used, although 
carbon may start to diffuse at higher temperatures. Other 
possible barrier layers include ZrC, ZrB2, YB6, SiB6 and 
others. Since yttrium is a reasonably good spacer material 
With fairly high transmittance at 13.5 nm, it is Well suited for 
applications in EUV collector/director and other re?ective 
applications in a MLM stack. 

[0080] According to aspects of an embodiment of the 
present invention capping layers have been considered for 
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protection against a reactive source material, e.g., lithium. 
Oxidation has been considered, since some oxide layers are 
stable to Li at high temperatures, e.g., yttria, While some 
may not be. Both single protection layers and multilayer 
protective stacks have been proposed and the use of a SiO2 
terminated high-temperature multilayer mirror With a can 
didate material for a protective layer is proposed. 

[0081] According to aspects of embodiments of the 
present invention applicants have disclosed and the 
appended claims relate to plasma generated EUV re?ecting 
optics, e.g., MLMs, using, e.g., Si layers in the multilayer 
stack, e.g., as a single layer in a binary layer in the multilayer 
stack, e.g., stacked Mo/Si binary layers or as a W/n-type 
doped Si in place of the Si in, e.g., an Mo/ Si stack to prevent 
diffusion of lithium into the Si layer and prevent silicide 
formation and intermixing of underlying barrier layers 
betWeen the MO and Si layers dopant that forms a segre 
gated layer at the surface to prevent di?fusion. 

[0082] Applicants have also disclosed and the appended 
claims relate to a plasma based EUV light source re?ective 
element comprising an MLM comprising a protective cap 
ping layer comprising itself a relatively transparent bi-layer 
of a metal from Groups 3-9 With periodic number 5, e.g., Ru 
and a layer containing a compound of a reactive plasma 
source material, e. g., lithium, Which may comprise an oxide 
of the compound, e.g., LiNbO3, in place of, e.g., a plain 
metal, e.g., Ru top layer in a capping layer. The lithium 
containing layer Will not be signi?cantly impacted by Li 
attack. The metal and compound can form a binary capping 
layer With the right positioning, thickness pitch and absorber 
to spacer ratio and respective refractive indices to preserve 
the MLM period and phase shifting so that the loss in 
re?ectivity of the MLM due to the binary capping layer is 
reduced if not eliminated. The materials of the layers of the 
binary capping layer may be chosen to be in phase equilib 
rium, e.g., due to the compound being stoiciometric and or 
the materials not being subject to substantial intermixing. 
According to aspects of an embodiment of the present 
invention applicants propose also to put a vacuum in 
betWeen the binary capping layers of the MLM, e.g., 
betWeen the Ru/LiNbO3 binary capping layer and an under 
lying binary MLM layer, e.g., containing silicon, by, e.g., 
forming a grid (not shoWn) With the silicon and then the 
binary capping layer above that silicon layer as the binary or 
single capping layer(s), With measures taken to prevent a 
reactive plasma source material, e.g., lithium from going 
along the capping layer, the grid and vacuum serving to 
respectively separate the layers to alloW formation of the 
vacuum, and prevent diffusion/interaction With a reactive 
source material, e.g., lithium. 

[0083] According to aspects of an embodiment of the 
present invention applicants also propose and the appended 
claims relate to MLM that have, e.g., an MLM stack With, 
e.g., SiC layers of alternating density and maybe also doped 
for electrical conductivity, Which Will have good thermal 
stability to around 700° C. This material is stiff, has loW 
thermal expansion coe?icient and good thermal conductiv 
ity, With high density and melting temperature. The density 
regulates the index of refraction and thus the thicknesses of 
the respective di?ferent density layers to form the respective 
binary layer of the MLM stack. SiC may for, e.g., coarse 
material grains that are not small W/r/t the Wavelength. This 
embodiment forms, e.g., material that is porous and have 
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grain properties With the grain structure that is not dense or 
packed enough to create multiple re?ecting surfaces. For 
less reactive plasma source materials, e.g., tin or indium, the 
diffusion problem may be signi?cantly reduced, e.g., due in 
part to loWer temperature operation and the loWer reactivity. 
While Li Will attack Si, it is not clear hoW Well it attacks SiC. 
Furthermore, suitable capping, e.g., With a capping layer of 
Ru or Mo could be used to protect the mirror surface, along 
With other capping techniques discussed in the present 
application or otherWise in the prior art. Other advantages of 
a SiC dielectric multilayer stack mirror are: loW thermal 
expansion coe?icient, very stiff, rigid material, high thermal 
conductivity, high density (vacuum compatible), and high 
melting temperature. Polishing of SiC is also possible as 
there are suppliers Who can polish the material. 

[0084] According to aspects of an embodiment of the 
present invention, applicants propose to deposit alternately 
porous and dense SiC layers, e.g., via a CVD process to 
create the multilayer mirror stack. Alternatively it is possible 
to deposit dense SiC and electrochemically etch or otherWise 
form holes it. Porous SiC Will have a higher n, Where denser 
SiC Will have a loWer n. A re?nement of the etch process 
could alloW varying the electrochemical potential during 
SiC etching to produce, e.g., a 3-D pore structure. High 
current density etching Will produce a more porous SiC. 

[0085] A CVD process available from Trex is able to 
produce materials of laminar structure based on the Trex 
proprietary CVD process. By, e.g., periodically altering the 
SiC deposition chemistry in the reactor (, e.g., modifying the 
feed gasses) it is possible to generate a laminar ceramic of 
alternating density layers. 
[0086] Another construction concept could involve chang 
ing the CVD process by mixing in different dopants at the 
proper times, Which can serve to tune the refractive index 
and conductivity of the respective layer. Basically, the ?nal 
mirror Would still be SiC, but With a feW ceramic dopants to 
adjust density and electrical conductivity. This concept 
should eliminate concerns regarding thermal damage of 13.5 
nm radiation mirrors at elevated temperatures since diffusion 
of Si and SiC (self diffusion) in SiC is very sloW. Thermal 
degradation is diffusion driven and observed in Mo/Si 
mirrors used at or over, e.g., 300° C.-500° C., since these 
materials are metallic in nature (not compounds). lnterlayers 
can be used to improve Mo/Si mirrors, e.g., for >500° C. 
operation and may also prove useful for an SiC stack mirror. 

[0087] A parabola shaped re?ector could be made by 
deposition of alternating layers and then mounted to a 
?ange. Since SiC can be conductive, one could heat, or 
DC/RF bias the collector for cleaning. An SiC multilayer 
stack mirror can be heated resistively. Since the material is 
rigid, one Would expect it not to melt or soften at the desired 
400° C.-500° C.+ operating temperature. According to 
aspects of an embodiment of the present invention appli 
cants also propose to groW a bulk SiC mirror and have the 
SiC stack deposited onto it after polishing the mirror. A Ru 
or Mo capping layer on the SiC ?lm could be used to prevent 
reaction With a reactive source material, e.g., lithium. 

[0088] According to aspects of an embodiment of the 
present invention applicants propose and the appended 
claims relate to a plasma produced EUV light source MLM 
comprising, e.g., yttrium oxide along With molybdenum as 
a top capping binary layer for the underlying EUV MLM 
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re?ecting surfaces, Which may also be Y/Mo binary layers or 
other binary layers. Alternatively applicants propose using 
Mo/Y binary layers for the entire stack of the MLM, e.g., 
using intermediate barrier layers to alloW use of Mo/Y stacks 
for the entire re?ective stack at up to 400-5000 C. and above. 
Also Si based stacks can be coated With the binary capping 
layers of Mo, Y and perhaps also a diffusion barrier layers 
for the binary capping layer, With Y as the topmost layer, 
Which may then also form a Y2O3 layer When exposed to air 
(both Y and YZO3 being resistant to lithium) and su?iciently 
transparent to EUV at around 13.5 nm to be a spacer layer 
in a binary capping layer and/ or throughout the MLM stack. 
The Mo/Y and/or Mo/Yttria binary layers can have, e.g., 
better thermal properties than MoSi MLM With perhaps 
some sacri?ce in total re?ectivity. Use of the MoSi in loWer 
layers and the Yttrium mirror layers on the top can lessen the 
loss in re?ectivity. Mo/Y layers are currently producible 
With limited enough oxygen content to be useful for EUV 
MLMs. The Mo/Y based binary capping layers can be 
spread throughout the MLM to accommodate, e.g., the case 
that the top capping layer is destroyed. If lithium stays in the 
diffusion boundary layers of a respective binary layer there 
may be a resultant increase in re?ectivity but also an 
increase the absorption of EUV. MLMs can tolerate some 
in?ux of lithium and still Work, though lithium diffusion 
reduces the contrast because the absorption goes up and the 
spacing is modi?ed With respect to the selected EUV 7» and 
also diffusion of lithium into the intermediate barrier layer 
can changes the roughness, affecting re?ectivity and thermal 
stability. A spacer already containing lithium, hoWever, can 
tolerate more diffusion With less damage to mirror proper 
ties. The list of materials that may be used according to this 
embodiment of the present invention as such barrier layers 
includes ?uorides like MgF, LiF SiOF, oxides, like Er2O3, 
HFO2, Ta2O5, refractory metal oxides, rare earth metal 
?uorides, nitrides and oxides, e.g., at nm thicknesses, chro 
mium ?uorides, nitrides and oxides and suicides. 

[0089] According to aspects of an embodiment of the 
present invention applicants have disclosed and the 
appended claims relate to the folloWing: 

[0090] Protective layer consisting of yttrium (or yttrium 
Zirconium alloy) With native yttria oxide (or yttrium-Zirco 
nia) layer on top to prevent dilfusion/intercalation/penetra 
tion of lithium and to protect the loWer (high-temperature) 
multilayer mirror coating from lithium. Another good com 
bination may be a protective layer consisting of a bilayer 
with (eg ca. 3 nm thick) ruthenium as top overcoat layer 
and (eg ca. 4 nm thick) yttrium as bottom overcoat layer. 
(Or RuiMo alloy as top overcoat layer or Mo covered by 
Ru as top overcoat layer above a yttrium (or yttrium 
Zirconium alloy) bottom overcoat layer. 

[0091] According to aspects of an embodiment of the 
present invention applicants have disclosed and the 
appended claims relate to a SiO2 doped With N or reactively 
sputtered in a N2 environment to create a silicon oxy-nitride 
diffusion barrier layer. 

[0092] According to aspects of an embodiment of the 
present invention, applicants have disclosed and the 
appended claims relate to heating the substrate during MLM 
stack layer deposition to increase the mobility of the atoms 
being deposited in the layer to decrease upper surface 
roughness, Which ultimately leads to better temperature 
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stability in the multilayer stack. The layer produced is also 
enhanced due to increased density of the deposition. This 
could alloW for enhanced utiliZation With better re?ectivity 
up to about 600° C. There is also a resultant decrease of the 
surface roughness Which promotes interface barrier function 
and increases re?ectivity. Heating With normal Mo/ Si can 
produce more intermixing at elevated temperatures but With 
layer less prone to intermixing, e.g., MoSi2/Si, Mo2C/Si, 
Mo/SiC, Mo/SiB6 and also With barrier layers in betWeen 
Mo/X/Si/X Where X is C, SiC, Si nitrides and Si oxynitrides 
and borides and boronitrides there may be less intermixing 
With the heating during deposition. This may also apply, e.g, 
With Y and its compounds, nitrides, borides carbides and 
oxynitrides are good diffusion barriers and have loW re?ec 
tivity and loW absorption in very thin layers. These materials 
may be formed, e. g., by doping SiO2 as it is being formed by 
oxidation of silicon, With nitrogen, boron or boron nitride. 

[0093] According to aspects of an embodiment of the 
present invention, the applicants have disclosed and the 
appended claims relate to the use of a sandWiched Mo5Si3 
main absorber layer With MoSi2 sandWiching layers in a 
MoSi2iMo5Si3iMoSi2iSi MLM stack to increase the 
amount of Mo in the main absorber layer (Si is the spacer 
layer) for better EUV re?ectivity and also maintaining layers 
that are in phase equilibrium With each other bordering each 
other so as to enhance high temperature stability by avoiding 
boundary intermixing up to about 700° C. 

[0094] According to aspects of an embodiment of the 
present invention applicants have disclosed and the 
appended claims relate to a multilayer stack of MoiRu and 
YiZr alloy layers With or Without a barrier layer Which 
barrier layer may be ZrN or other nitrides carbides or borides 
and With either the ZrN or other nitrides or carbides or 
borides or YiZr as the topmost layer of the capping binary 
layer and if ZrN is the topmost layer With the MoiRu 
absorber layer of the underlying binary layer as the interface 
to the capping layer. Also the diffusion barrier layers may be 
amorphous, e.g., to reduce lithium diffusion. The YiZr 
spacer alloy, yttrium stabiliZed Zerconium can act as a very 
good stabiliZer barrier layer. 

[0095] Applicants have also proposed the use of MgF2 or 
LiF as a lithium diffusion and MLM halogen etching barrier 
capping layer as an improvement over Ruthenium. As noted 
in the above referenced co-pending patent applications 
assigned to the common assignee of the present applications 
various debris management tactics are available for protec 
tion of the EUV source chamber collector optics, e.g., 
re?ectors, Which can subject, e.g., an MLM collector to 
harsh environments, one example of Which is the used of 
halogen contained in the chamber to etch plasma formed 
debris, e.g., debris source material or perhaps more impor 
tantly compounds of debris source materials and like com 
pounds that may be more di?icult to remove by other 
mentioned techniques. For this reason, applicants propose 
capping layers for an MLM that can both resist plasma 
source material diffusion and also resist etching by an 
etchant, e.g., a halogen used to etch plasma debris from the 
MLM outer capping layer. As noted these may include 
halogen containing coatings, e.g., ?uorine containing coat 
ings, e.g., MgF2 or LiF. 

[0096] It Will be understood by those skilled in the art that 
the aspects of embodiments of the present invention dis 




