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MULTILAYER EXTREME ULTRAVIOLET REFLECTORS

TECHNICAL FIELD

[0001] The present disclosure generally relates to extreme ultraviolet lithography.
More particularly, the disclosure relates to extreme ultraviolet mask blanks comprising
a multilayer reflective stack having alternating layers of different materials and

methods of reducing roughness of multilayer reflective stack.

BACKGROUND
[0002] Extreme ultraviolet (EUV) lithography is used for the manufacture of 0.0135

micron and smaller minimum feature size semiconductor devices. Through the use of
a series of mirrors, or lens elements, and a reflective element, or mask blank, coated
with a non-reflective absorber mask pattern, the patterned light is reflected onto a
resist-coated semiconductor substrate.

[0003] The lens elements and mask blanks of extreme ultraviolet lithography
systems are coated with reflective multilayer coatings of materials such as
molybdenum and silicon. FIG. 1 shows a conventional EUV reflective mask 10, which
is formed from an EUV mask blank, which includes a reflective multilayer stack 12 on
a substrate 14, which reflects EUV radiation at unmasked portions by Bragg
interference. Masked (non-reflective) areas 16 of the conventional EUV reflective
mask 10 are formed by etching buffer layer 18 and absorbing layer 20. A capping
layer 22 is formed over the reflective multilayer stack 12 and protects the reflective
multilayer stack 12 during the etching process. An etched mask blank has (non-
reflective) areas 16 and reflective areas 24.

[0004] The effective mirror plane of the multilayer reflector is a distance away from
the absorber due to light penetration into multilayer stack, which known as Z-effect
(Zetf). The Zett causes phase change of reflected light and double diffraction of EUV
light on patterned absorber. The double diffraction results in additional diffracted light
falling inside numerical aperture of the reflector, and hence causes what is referred to
as the mask 3D effect, such as non-telecentricity, edge placement error through focus,

best focus variation through feature and contrast loss through fading.
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[0005] There is a need to provide EUV mask blanks having multilayer reflective
stacks having low Zett and high reflectance over large bandwidth of reflection angle
minimize the mask 3D effect, especially for high-NA EUV scanners. In addition, the
multilayer reflective stack must meet other requirements for EUV mask blanks,

including roughness, uniformity, stress and thermal stability.

SUMMARY

[0006] One or more embodiments of the disclosure are directed to an extreme
ultraviolet (EUV) mask blank comprising a multilayer reflective stack on a substrate,
the multilayer reflective stack comprising a plurality of pairs of alternating layers
comprising a first layer and a second layer, the first layer including a first element
selected from the group consisting of Si, B, Al, Mg, Zr, Ba, Nb, Ti, Gd, Y, and Ca; and
the second layer including a second element selected from the group consisting of Ru,
Mo, Ta, Sb, Tc, Nb, Ir, Pt, and Pd wherein the first layer comprises at least one of: an
alloy of two or more of the first elements, a nitride of the first element, a carbide of the
first element, an oxide of the first element, and a silicide of B, Al, Mg, Zr, Ba, Nb, Ti,
Gd, Y, and Ca; or the second layer comprises at least one of an alloy of two or more
of the second elements, a nitride of the second element, a carbide of the second
element, an oxide of the second element, and a silicide of the second element; a
capping layer on the multilayer reflective stack; and an absorber layer on the capping
layer.

[0007] Additional embodiments are directed to an extreme ultraviolet (EUV) mask
blank comprising a multilayer reflective stack on a substrate, the multilayer reflective
stack comprising a plurality of pairs of alternating layers comprising a first layer and a
second layer, the first layer including a first element selected from the group
consisting of Si, B, Al, Mg, Zr, Ba, Nb, Ti, Gd, Y, and Ca; and the second layer
including a second element selected from the group consisting of Ru, Mo, Ta, Sb, Tc,
Nb, Ir, Pt, and Pd; an interface layer between the first layer and the second layer, the
interface layer including an interface element selected from the group consisting of Si,
B, C, Al, Mo, Ru, an alloy of the interface element, a nitride of the interface element, a
carbide of the interface element, an oxide of the interface element, and a silicide of the

interface element, wherein when the interface layer comprises Si and the first layer
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comprises Si, properties of the interface layer are different than properties of the first
layer, and wherein the interface layer reduces roughness of the multilayer reflective
stack compared to a multilayer reflective stack that does not include an interface layer
between the first layer and the second layer; a capping layer on the multilayer
reflective stack; and an absorber layer on the capping layer.

[0008] Further embodiments of the disclosure are directed to a method of reducing
roughness of a multilayer reflective stack comprising forming multilayer reflective
stack on a substrate, the multilayer reflective stack comprising a plurality of pairs of
alternating layers comprising a first layer and a second layer, the first layer including a
first element selected from the group consisting of Si, B, Al, Mg, Zr, Ba, Nb, Ti, Gd, Y,
and Ca; and the second layer including a second element selected from the group
consisting of Ru, Mo, Ta, Sb, Tc, Nb, Ir, Pt, and Pd; forming in at least one of the first
layer and the second layer: at least one of an alloy of two or more of the first
elements, a nitride of the first element, a carbide of the first element, an oxide of the
first element, and a silicide of B, Al, Mg, Zr, Ba, Nb, Ti, Gd, Y and Ca; at least one of
an alloy of two or more of the second elements, a nitride of the second element, a
carbide of the second element, an oxide of the second element, and a silicide of the
second element; forming a capping layer on the multilayer reflective stack; and

forming an absorber layer on the capping layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] So that the manner in which the above recited features of the present
disclosure can be understood in detail, a more particular description of the disclosure,
briefly summarized above, may be had by reference to embodiments, some of which
are illustrated in the appended drawings. It is to be noted, however, that the
appended drawings illustrate only typical embodiments of this disclosure and are
therefore not to be considered limiting of its scope, for the disclosure may admit to
other equally effective embodiments.

[0010] FIG. 1 schematically illustrates a background art EUV reflective mask
employing a conventional absorber;

[0011] FIG. 2 schematically illustrates an embodiment of an extreme ultraviolet

lithography system;
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[0012] FIG. 3 illustrates an embodiment of an extreme ultraviolet reflective element
production system;

[0013] FIG. 4 illustrates an embodiment of an extreme ultraviolet reflective element
such as an EUV mask blank;

[0014] FIG. 5 illustrates an embodiment of an extreme ultraviolet reflective element
such as an EUV mask blank; and

[0015] FIG. 6 illustrates an embodiment of a multi-cathode physical deposition

chamber.

DETAILED DESCRIPTION

[0016] Before describing several exemplary embodiments of the disclosure, it is to
be understood that the disclosure is not limited to the details of construction or
process steps set forth in the following description. The disclosure is capable of other
embodiments and of being practiced or being carried out in various ways.

[0017] The term "horizontal" as used herein is defined as a plane parallel to the
plane or surface of a mask blank, regardless of its orientation. The term "vertical"
refers to a direction perpendicular to the horizontal as just defined. Terms, such as

"above", "below", "bottom", "top",

side" (as in "sidewall"), "higher", "lower", "upper”,
"over", and "under"”, are defined with respect to the horizontal plane, as shown in the
figures.

[0018] The term "on" indicates that there is direct contact between elements. The
term "directly on" indicates that there is direct contact between elements with no
intervening elements.

[0019] As used in this specification and the appended claims, the terms

"precursor”, "reactant”, "reactive gas" and the like are used interchangeably to refer to
any gaseous species that react with the substrate surface.

[0020] As used in this specification and the appended claims, the terms "reflective
multilayer stack”, "multilayer reflective stack”, "multilayer stack of reflective layers" are
used interchangeably to refer to a reflective element such as an EUV mask blank.
[0021] Those skilled in the art will understand that the use of ordinals such as "first"
and "second" to describe process regions do not imply a specific location within the

processing chamber, or order of exposure within the processing chamber.
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[0022] As used in this specification and the appended claims, the term "substrate”
refers to a surface, or portion of a surface, upon which a process acts. It will also be
understood by those skilled in the art that reference to a substrate can refer to only a
portion of the substrate, unless the context clearly indicates otherwise. Additionally,
reference to depositing on a substrate means both a bare substrate and a substrate
with one or more films or features deposited or formed thereon.

[0023] Referring now to FIG. 2, an exemplary embodiment of an extreme ultraviolet
lithography system 100 is shown. The extreme ultraviolet lithography system 100
includes an extreme ultraviolet light source 102 for producing extreme ultraviolet light
112, a set of reflective elements, and a target wafer 110. The reflective elements
include a condenser 104, an EUV reflective mask 106, an optical reduction assembly
108, a mask blank, a mirror, or a combination thereof.

[0024] The extreme ultraviolet light source 102 generates the extreme ultraviolet
light 112. The extreme ultraviolet light 112 is electromagnetic radiation having a
wavelength in a range of 5 to 50 nanometers (nm). For example, the extreme
ultraviolet light source 102 includes a laser, a laser produced plasma, a discharge
produced plasma, a free-electron laser, synchrotron radiation, or a combination
thereof. The extreme ultraviolet light source 102 produces broadband extreme
ultraviolet radiation over a range of wavelengths. For example, the extreme ultraviolet
light source 102 generates the extreme ultraviolet light 112 having wavelengths
ranging from 5 to 50 nm.

[0025] In one or more embodiments, the extreme ultraviolet light source 102
produces the extreme ultraviolet light 112 having a narrow bandwidth. For example,
the extreme ultraviolet light source 102 generates the extreme ultraviolet light 112 at
13.5 nm. The center of the wavelength peak is 13.5 nm.

[0026] The condenser 104 is an optical unit for reflecting and focusing the extreme
ultraviolet light 112. The condenser 104 reflects and concentrates the extreme
ultraviolet light 112 from the extreme ultraviolet light source 102 to illuminate the EUV
reflective mask 106. Although the condenser 104 is shown as a single element, it is
understood that the condenser 104 in some embodiments includes one or more
reflective elements such as concave mirrors, convex mirrors, flat mirrors, or a

combination thereof, for reflecting and concentrating the extreme ultraviolet light 112.
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For example, the condenser 104 in the embodiment shown is a single concave mirror
or an optical assembly having convex, concave, and flat optical elements.

[0027] The EUV reflective mask 106 is an extreme ultraviolet reflective element
having a mask pattern 114. The EUV reflective mask 106 creates a lithographic
pattern to form a circuitry layout to be formed on the target wafer 110. The EUV
reflective mask 106 reflects the extreme ultraviolet light 112. The mask pattern 114
defines a portion of a circuitry layout.

[0028] The optical reduction assembly 108 is an optical unit for reducing the image
of the mask pattern 114. The reflection of the extreme ultraviolet light 112 from the
EUV reflective mask 106 is reduced by the optical reduction assembly 108 and
reflected on to the target wafer 110. The optical reduction assembly 108 of some
embodiments includes mirrors and other optical elements to reduce the size of the
image of the mask pattern 114. For example, the optical reduction assembly 108 in
some embodiments includes concave mirrors for reflecting and focusing the extreme
ultraviolet light 112.

[0029] The optical reduction assembly 108 reduces the size of the image of the
mask pattern 114 on the target wafer 110. For example, the mask pattern 114 is
imaged at a 4:1 ratio by the optical reduction assembly 108 on the target wafer 110 to
form the circuitry represented by the mask pattern 114 on the target wafer 110. The
extreme ultraviolet light 112 scans the EUV reflective mask 106 synchronously with
the target wafer 110 to form the mask pattern 114 on the target wafer 110.

[0030] Referring now to FIG. 3, an embodiment of an extreme ultraviolet reflective
element production system 200 is shown. The extreme ultraviolet reflective element
includes an EUV mask blank 204, an extreme ultraviolet mirror 205, or other reflective
element such as an EUV reflective mask 106.

[0031] The extreme ultraviolet reflective element production system 200 produces
mask blanks, mirrors, or other elements that reflect the extreme ultraviolet light 112 of
FIG. 2. The extreme ultraviolet reflective element production system 200 fabricates
the reflective elements by applying thin coatings to source substrates 203.

[0032] The EUV mask blank 204 is a multilayered structure for forming the EUV
reflective mask 106 of FIG. 2. The EUV mask blank 204 is formed using

semiconductor fabrication techniques. The EUV reflective mask 106 has the mask
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pattern 114 of FIG. 2 formed on the EUV mask blank 204 by etching and other
processes.

[0033] The extreme ultraviolet mirror 205 is a multilayered structure reflective in a
range of extreme ultraviolet light. The extreme ultraviolet mirror 205 is formed using
semiconductor fabrication techniques. The EUV mask blank 204 and the extreme
ultraviolet mirror 205 are, in some embodiments, similar structures with respect to the
layers formed on each element, however, the extreme ultraviolet mirror 205 does not
have the mask pattern 114.

[0034] The reflective elements are efficient reflectors of the extreme ultraviolet light
112. In an embodiment, the EUV mask blank 204 and the extreme ultraviolet mirror
205 has an extreme ultraviolet reflectivity of greater than 60%. The reflective elements
are efficient if they reflect more than 60% of the extreme ultraviolet light 112.

[0035] The extreme ultraviolet reflective element production system 200 includes a
wafer loading and carrier handling system 202 into which the source substrates 203
are loaded and from which the reflective elements are unloaded. An atmospheric
handling system 206 provides access to a wafer handling vacuum chamber 208. The
wafer loading and carrier handling system 202 includes substrate transport boxes,
loadlocks, and other components to transfer a substrate from atmosphere to vacuum
inside the system. Because the EUV mask blank 204 is used to form devices at a very
small scale, the source substrates 203 and the EUV mask blank 204 are processed in
a vacuum system to prevent contamination and other defects.

[0036] The wafer handling vacuum chamber 208 contains two vacuum chambers,
a first vacuum chamber 210 and a second vacuum chamber 212. The first vacuum
chamber 210 includes a first wafer handling system 214 and the second vacuum
chamber 212 includes a second wafer handling system 216. Although the wafer
handling vacuum chamber 208 is described with two vacuum chambers, it is
understood that the system can have any number of vacuum chambers.

[0037] The wafer handling vacuum chamber 208 has a plurality of ports around its
periphery for attachment of various other systems. The first vacuum chamber 210 has
a degas system 218, a first physical vapor deposition system 220, a second physical
vapor deposition system 222, and a pre-clean system 224. The degas system 218 is

for thermally desorbing moisture from the substrates. The pre-clean system 224 is for
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cleaning the surfaces of the wafers, mask blanks, mirrors, or other optical
components.

[0038] The physical vapor deposition systems, such as the first physical vapor
deposition system 220 and the second physical vapor deposition system 222, are
used in some embodiments to form thin films of conductive materials on the source
substrates 203. For example, the physical vapor deposition systems of some
embodiments include a vacuum deposition system such as magnetron sputtering
systems, ion sputtering systems, pulsed laser deposition, cathode arc deposition, or a
combination thereof. The physical vapor deposition systems, such as the magnetron
sputtering system, form thin layers on the source substrates 203 including the layers
of silicon, metals, alloys, compounds, or a combination thereof.

[0039] In one or more embodiments, he physical vapor deposition system forms
reflective layers, capping layers, and absorber layers. For example, the physical vapor
deposition systems are configured to form layers of silicon, molybdenum, titanium
oxide, ftitanium dioxide, ruthenium oxide, niobium oxide, ruthenium tungsten,
ruthenium molybdenum, ruthenium niobium, chromium, tantalum, nitrides,
compounds, or a combination thereof. Although some compounds are described as
an oxide, it is understood that the compounds include oxides, dioxides, atomic
mixtures having oxygen atoms, or a combination thereof.

[0040] The second vacuum chamber 212 has a first multi-cathode source 226, a
chemical vapor deposition system 228, a cure chamber 230, and an ultra-smooth
deposition chamber 232 connected to it. For example, the chemical vapor deposition
system 228 of some embodiments includes a flowable chemical vapor deposition
system (FCVD), a plasma assisted chemical vapor deposition system (CVD), an
aerosol assisted CVD, a hot filament CVD system, or a similar system. In another
example, the chemical vapor deposition system 228, the cure chamber 230, and the
ultra-smooth deposition chamber 232 are in a separate system from the extreme
ultraviolet reflective element production system 200.

[0041] The chemical vapor deposition system 228 forms thin films of material on
the source substrates 203. For example, the chemical vapor deposition system 228 is
used to form layers of materials on the source substrates 203 including mono-

crystalline layers, polycrystalline layers, amorphous layers, epitaxial layers, or a
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combination thereof. The chemical vapor deposition system 228 forms layers of
silicon, silicon oxides, silicon oxycarbide, carbon, tungsten, silicon carbide, silicon
nitride, titanium nitride, metals, alloys, and other materials suitable for chemical vapor
deposition. For example, the chemical vapor deposition system forms planarization
layers.

[0042] The first wafer handling system 214 is capable of moving the source
substrates 203 between the atmospheric handling system 206 and the various
systems around the periphery of the first vacuum chamber 210 in a continuous
vacuum. The second wafer handling system 216 is capable of moving the source
substrates 203 around the second vacuum chamber 212 while maintaining the source
substrates 203 in a continuous vacuum. The extreme ultraviolet reflective element
production system 200 transfers the source substrates 203 and the EUV mask blank
204 between the first wafer handling system 214, the second wafer handling system
216 in a continuous vacuum.

[0043] Referring now to FIG. 4, an embodiment of an extreme ultraviolet reflective
element 302 is shown. In one or more embodiments, the extreme ultraviolet reflective
element 302 is the EUV mask blank 204 of FIG. 3 or the extreme ultraviolet mirror 205
of FIG. 3. The EUV mask blank 204 and the extreme ultraviolet mirror 205 are
structures for reflecting the extreme ultraviolet light 112 of FIG. 2. The EUV mask
blank 204 is used to form the EUV reflective mask 106 shown in FIG. 2.

[0044] The extreme ultraviolet reflective element 302 includes a substrate 304, a
multilayer reflective stack 306, and a capping layer 308. In one or more
embodiments, the extreme ultraviolet mirror 205 is used to form reflecting structures
for use in the condenser 104 of FIG. 2 or the optical reduction assembly 108 of FIG. 2.
[0045] The extreme ultraviolet reflective element 302, which in some embodiments
is an EUV mask blank 204, includes the substrate 304, the multilayer reflective stack
306, the capping layer 308, and an absorber layer 310 on the capping layer 308. The
extreme ultraviolet reflective element 302, in some embodiments, is an EUV mask
blank 204, which is used to form the EUV reflective mask 106 of FIG. 2 by patterning
the absorber layer 310 with the layout of the circuitry required.

[0046] As used in this specification and the appended claims, the term for the EUV

mask blank 204 is used interchangeably with the term of the extreme ultraviolet mirror
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205 for simplicity. In one or more embodiments, the EUV mask blank 204 includes the
components of the extreme ultraviolet mirror 205 with the absorber layer 310 added in
addition to form the mask pattern 114 of FIG. 2.

[0047] The EUV mask blank 204 is an optically flat structure used for forming the
EUV reflective mask 106 having the mask pattern 114. In one or more embodiments,
the reflective surface of the EUV mask blank 204 forms a flat focal plane for reflecting
the incident light, such as the extreme ultraviolet light 112 of FIG. 2.

[0048] The substrate 304 is an element for providing structural support to the
extreme ultraviolet reflective element 302. In one or more embodiments, the substrate
304 is made from a material having a low coefficient of thermal expansion (CTE) to
provide stability during temperature changes. In one or more embodiments, the
substrate 304 has properties such as stability against mechanical cycling, thermal
cycling, crystal formation, or a combination thereof. The substrate 304 according to
one or more embodiments is formed from a material such as silicon, glass, oxides,
ceramics, glass ceramics, or a combination thereof.

[0049] In one or more embodiments, the multilayer reflective stack 306 is a
structure that is reflective to the extreme ultraviolet light 112. In one or more
embodiments, he multilayer reflective stack 306 comprises a plurality of pairs of
alternating layers comprising a first layer 312 and a second layer 314. The first layer
312 and the second layer 314 can have a variety of structures. In an embodiment,
both the first layer 312 and the second layer 314 are formed with a single layer,
multiple layers, a divided layer structure, non-uniform structures, or a combination
thereof.

[0050] The first layer 312 and the second layer 314 are formed from a variety of
materials. In one or more embodiments, the first layer 312 includes a first element
selected from the group consisting of Si, B, Al, Mg, Zr, Ba, Nb, Ti, Gd, Y, and Ca. In
one or more embodiments, the second layer 314 includes a second element selected
from the group consisting of Ru, Mo, Ta, Sb, Tc, Nb, Ir, Pt, and Pd.

[0051] In one or more embodiments, the first layer 312 and the second layer 314
form a reflective pair 316. As used in this specification and the appended claims, the
terms "reflective pair" and "plurality of pairs of alternating layers” may be used

interchangeably to refer to one or more reflective layers. In a non-limiting
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embodiment, the multilayer reflective stack 306 includes a range of 20-60 of the
reflective pairs 316 for a total of up to 120 reflective layers.

[0052] In one or more embodiments, the plurality of pairs of alternating layers 316
comprises the first layer 312 and the second layer 314 include the first layer 312
comprising at least one of a material selected from: an alloy of two or more of the first
elements, a nitride of the first element, a carbide of the first element, an oxide of the
first element, and a silicide of B, Al, Mg, Zr, Ba, Nb, Ti, Gd, Y, and Ca; or the second
layer 314 comprises at least one of a material selected from: an alloy of two or more
of the second elements, a nitride of the second element, a carbide of the second
element, an oxide of the second element, and a silicide of the second element.

[0053] According to one or more embodiments, the material of the first layer 312
and the material of the second layer 314 have a relatively large difference in refractive
index n, for example, n of the material of the first layer 312 (high-n) can be 0.94-1.01
and n of the material of the second layer 314 (low-n) can be 0.87-0.92, to form
interfaces with high EUV reflection. In one or more embodiments, both the materials
of the first layer 312 and the second layer 314 have low extinction coefficient (e.g., k <
0.03) to minimize EUV absorption by the multilayers.

[0054] In one or more embodiments, forming an alloy in the first layer 312 and/or in
the second layer 314 results in reduced roughness of the first layer 312 and/or in the
second layer 314. Alloyed and/or nitridated layers reduce roughness of the first layer
312 and/or the second layer 314, which results in both large bandwidth and high
reflection of EUV light, according to one or more embodiments.

[0055] Referring now to FIGs. 4 and 5, in one or more embodiments, each of the
alloy of the two or more first elements and the alloy of the two or more second
elements has a general formula of AxBy comprising two elements where the sum of x
and y is equal to 1. In one or more embodiments, the general formula of AxBy
includes one or more of Ao.1Bo.9, Ao.2Bos, Ao.3Bo.7, Ao.4Bos, AosBos, AoeBos, Ao7Boas,
AosBoz, and AogBo.1. In one or more embodiments, x is from 0.5 to 0.98. In one or
more embodiments, x is from 0.5 to 0.98, y is from 0.02 to 0.5.

[0056] Examples of the alloy of the two or more first elements have the general
formula of AxBy comprising two elements include, but are not limited to, one or more of
SixNy, SixCy, SixOy, BxNy, BxCy, BxOy, AlxNy, AlxCy, AlxOy, MgxNy, MgxCy, MgxOy, ZrxNy,
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Zr«Cy, ZrOy, BaxNy, BaxCy, BaxOy, NbxNy, NbxCy, NbxOy, TixNy, TixCy, TixOy, GdxNy,
GdxCy, GdxOy, YxNy, YxCy, YxOy, CaxNy, CaxCy, CaxOy, SixBy, SixAly, SixMgy, SixZry,
SixBay, SixNby, SixTiy, SixGdy, SixYy, SixCay, BxAly, BxMgy, BxZry, BxBay, BxNby, BxTiy
BxGdy, BxYy, BxCay, AlxMgy, AlZry, AlxBay, AlNby, AlxTiy, AlxGdy, AlxYy, AlxCay,
MgxZry, MgxBay, MgxNby, MgxTiy, MgxGdy, MgxYy, MgxCay, ZrBay, ZrxNby, Zr«Tiy,
Zr«Gdy, ZrxYy, ZrxCay, BaxNby, BaxTiy, BaxGdy, BaxYy, BaxCay, NbxTiy, NbxGdy, NoxYy,
NbxCay, TixGdy, TixYy, TixCay, GdxYy, GdxCay, YxCay, and any variations thereof. In
one or more embodiments, the alloy of the two or more first elements includes other
compounds having the general formula of AxBy comprising two elements.

[0057] Examples of the alloy of the two or more second elements having the
general formula of AxBy comprising two elements include, but are not limited to, one or
more of RuxSiy, RuxNy, RuxCy, RuxOy, RuxMoy, RuxTay, RuxSby, RuxTcy, RuxNby, Ruxlry,
RuxPty, RuxPdy, MoxSiy, MoxNy, MoxCy MoxOy, MoxTay, MoxSby, MoxTcy, TaxSiy, TaxNy,
TaxCy TaxOy, TaxSby TaxTcy, SbxSiy, SbxNy, SbxCy SbxOy, TcxSiy, TcxNy, TexCy, TexOy,
NbxSiy, NbxNy, NbxCy, NbxOy, IrxSiy, IrxNy, Ir«Cy, IrOy, PtxSiy, PtxNy, PtxCy, PtxOy, PdxSiy,
PdxNy, PdxCy, PdxOy, and any variations thereof. In one or more embodiments, the
alloy of the two or more second elements includes other compounds having the
general formula of AxBy comprising two elements.

[0058] In one or more embodiments, the alloy of the two or more first elements
have the general formula of AxBy comprising two elements and the alloy of the two or
more second elements have the general formula of AxBy comprising two elements
may form alloys including one or more first elements and one or more second
elements.

[0059] In one or more embodiments, each of the alloy of the two or more first
elements and the alloy of the two or more second elements has a general formula of
AxBy comprising two elements have a bond strength between the two or more first
elements and the two or more second elements. In one or more embodiments, the
bond strength is at least 250 kJ. In one or more embodiments, the bond strength is at
least 200 kJ, at least 150 kJ, at least 100 kJ or at least 50 kJ.

[0060] In one or more embodiments, each of the alloy of the two or more first
elements and the alloy of the two or more second elements has a general formula of

AxByC:z comprising three elements where the sum of x, y, and z is equal to 1. In one or
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more embodiments, the general formula of AxByC: includes one or more of,
A0.1B0.45Co45, A02B04Cos, A03Bo035Co35, A04B03Cos, AosBo2sCozs, AocsBo2Coz,
A07B02Co.1, Ao0sBo.1Co.1, A09B0.05Coos.  A045Bo.1Coas, A0.4Bo2Cos, Ao035B0.3Co.35,
A03B04Co3, Ao025Bos5Co2s, A02BosCo2, A02Bo7Co1, A01BosCo1, Ao.05B0.9Co.05,
A0.45B0.45C0.1, A04B04Co2, A035B035Co3, A03B03Cos, Ao25Bo25Cos, Ao02Bo2Cos,
A0.1B02Go.7, A0.1Bo.1Cos, Ao.05Bo.05Co9. In one or more embodiments, x is from 0.5 to
0.98. In one or more embodiments, x is from 0.5 to 0.98, y is from 0.02 to 0.5.

[0061] In one or more embodiments, examples of the alloy of the two or more first
elements having the general formula of AxByC. comprising three elements include, but
are not limited to one or more of SixByN;, SixByC:, SixByO:, SixAlyNz, SixAl,C., SixAlyO,
SixMgyNz, SixMgyCz, SixMgyOz, SixZryNz, SixZryCz, SixZryO., SixBayN; SixBayC,
SixBayOz, SixNbyNz, SixNbyCz, SixNbyO:, SixTiyNz, SixTiyCz, SixTiyOz, SixGdyNz,
SixGdyCz, SixGdyO:, SixYyNz, SixYyCz, SixYyO; SixCayN:;, SixCayC:, SixCayO:,
BxAlySiz, BxAlyNz, BxAlyCz, BxAlyOz, BxMgySiz, BxMgyNz, BxMgyCz, BxMgyOz, BxZr,Si-,
BxZryNz, BxZryCz, BxZryO:, BxBaySiz, BxBayNz, BxBayC, BxBayO;, BxNbySiz, BxNbyN.,
BxNbyCz, BxNbyO:, BxTiySiz, BxTiyNz, BxTiyCz, BxTiyOz, BxGdySiz, BxGdyNz, BxGdyC-,
BxGdyOz, BxYySiz, BxYyNz, BxYyCz, BxYyO:, BxCaySiz, BxCayN;, BxCayCz, BxCayO-,
AlkMgySiz, AlxMgyNz, AlxMgyCz, AlkMgyOz, AkZrySiz, AlZryNz, AlZryCz, AlxZryOy,
AlxBaySiz, AlxBayN:, AlxBayC:, AlkBayO:, AlxNbySiz, AlkNbyNz, AlxNbyCz, AlxNbyO,
AlxTiySiz, AlxTiyNz, AkTiyCz, ALTiyOz, AlxGdySiz, AlGdyNz, AkGdyC:, AkGdyO,
AlkYySiz, AlxYyNz, AlkYyCz, AlxYyOz, AlxCaySiz, AlxCayNz, AlxCayC:, AlxCayOz, MgxZrySiz,
MgxZryNz, MgxZryCz, MgxZryOz, MgxBaySiz, MgxBayNz, MgxBayC;, MgxBayOx,
MgxNbySiz, MgxNbyNz, MgxNbyC:z, MgxNbyOz, MgxTiySiz, MgxTiyNz, MgxTiyCz, MgxTiyO-,
MgxGdySiz, MgxGdyNz, MgxGdyCz, MgxGdyOz, MgxYySiz, MgxYyNz, MgxYyCz, MgxYyO-,
MgxCaySiz, MgxCayNz, MgxCayC:z, MgxCayOz, ZrxBaySiz, ZrBayNz, Zr«BayC:, ZrxBayOx,
ZrxNbySiz, Zr«NbyNz, Zr«NbyCz, Zr«NbyOz, Zr«TiySiz, Zr«TiyNz, ZrxTiyCz, ZrxTiyOx,
Zr«GdySiz, ZrxGdyNz, ZrxGdyCz, ZrGdyOz, ZrxYySiz, ZrxYyNz, ZrxYyGCz, ZrxYyOq,
ZrCaySiz, ZrxCayNz, ZrxCayC;, Zr«CayO:, BaxNbySi;, BaxNbyN;, BaxNbyC, BaxNbyO;,
BaxTiySiz, BaxTiyNz, BaxTiyCz, BaxTiyO,, BaxGdySiz, BaxGdyN;, BaxGdyC., BaxGdyO.,
BaxYySiz, BaxYyN;, BaxYyC;, BaxYyO, BaxCaySi;, BaxCayN.;, BaxCayC,, BaxCayO;,
NbxTiySiz, NbxTiyNz, NbxTiyCz, NbxTiyOz, NbxGdySiz, NbxGdyNz, NbxGdyCz, NbxGdyOx,
NbxYySiz, NbxYyNz, NbxYyCz, NbxYyO:, NbxCaySi:, NbxCayNz, NbxCayCz, NbxCayO-,
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TixGdySiz, TixGdyNz, TixGdyCz, TixGdyOz, TixYySiz, TixYyNz, TixYyCz, TixYyOz, TixCaySiz,
TixCayNz, TixCayC,, TixCayO;, GdxYySiz, GdxYyNz, GdxYyCz, GdxYyO:, GdxCaySiz,
GdxCayNz, GdxCayCz, GdxCayO;, YxCaySiz, YxCayNz, YxCayC:, YxCayO:, and any
variations thereof. In one or more embodiments, the alloy of the two or more first
elements includes other compounds having the general formula of AxByC. comprising
three elements.

[0062] In one or more embodiments, examples of the alloy of the two or more
second elements having the general formula of AxByC: comprising three elements
include, but are not limited to, one or more of RuxMoySi;, RuxMoyNz, RuxMoyC.,
RuxMoyO;, RuxTaySi;, RuxTayNz, RuxTayC,;, RuxTayO:, RuxSbySi;, RuxSbyN,
RuxSbyCz, RuxSbyO:, RuxTcySiz, RuxTcyNz, RuxTcyCz, RuxTcyOq, MoxTaySiz,
MoxTayNz, MoxTayCz, MoxTayOz, MoxSbySiz, MoxSbyNz, MoxSbyCz, MoxSbyQOx,
MoxTcySiz, MoxTcyNz, MoxTcyCz, MoxTcyOz, TaxSbySiz, TaxSbyNz, TaxSbyCz, TaxSbyOx,
TaxTcySiz, TaxTcyNz, TaxTcyCz, TaxTcyOz, SbxTeySiz, SbxTcyNz, SbxTcyCz, SbxTcyOy,
NbxMoySiz, NbxMoyNz, NbxMoyCz, NbxMoyO:, NbxTaySiz, NbxTayN:z, NbxTa,C.,
NbxTayOz, NbxSbySiz, NoxSbyNz, NbxSbyCz, NbxSbyOz, NboxTcySiz, NbxTcyNz, NbxTcyC.,
NbxTcyOz, NbxlrySiz, NbxlryNz, NbxIryCz, NbxlryOz, NbxPtySiz, NbxPtyNz, NbxPt,C.,
NbxPtyOz, NbxPdySiz, NbxPdyNz, NbxPdyCz, NbxPdyOz, IrxMoySiz, IrxMoyNz, Ir«MoyC.,
IrxMoyOyz, IrxTaySiz, IrxTayNz, IrkTayCz, IrxTayOz, 1xSbySiz, IrxSbyNz, IrxSbyCz, 1rxSbyO.,
IrxTeySiz, IrkTeyNz, IrkTeyGz, 1rxPtySiz, IrkPtyNz, IrxPtyCz, IrkPtyOz, IrxPdySiz, IrxPdyNz,
IrkPdyCz, IrxPdyOz, PtxMoySiz, PtxMoyNz, PtxMoyC:, PtxMoyO:, PtTaySiz, PtxTayNz,
PtxTayC;, PtTayO;, PtxSbySiz, PtxSbyN:z, PtxSbyC:, PtxSbyO;, PixTcySiz, PtxTcyNz,
PtxTcyCz, PixPdySiz, PtxPdyNz, PtxPdyC., PtxPdyO:, PdxMo,Siz, PdxMoyN;, PdxMo,C-,
PdxMoyO:, PdxTaySiz, PdxTayNz, PdxTayCz, PdxTayOz, PdxSbySiz, PdxSbyNz, PdxSbyC-,
PdxSbyO:, PdxTcySiz, PdxTcyNz, PdxTcyCz, and any variations thereof. In one or more
embodiments, the alloy of the two or more second elements includes other
compounds having the general formula of AxByCz comprising three elements.

[0063] In one or more embodiments, the alloy of the two or more first elements
having the general formula of AxByC: comprising three elements and the alloy of the
two or more second elements having the general formula of AxByC: comprising three
elements may form alloys including one or more first elements and one or more

second elements.
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[0064] In one or more embodiments, each of the alloy of the two or more first
elements and the alloy of the two or more second elements has a general formula of
AxByC: comprising three elements have a bond strength between the two or more first
elements and the two or more second elements. In one or more embodiments, the
bond strength is at least 250 kJ. In one or more embodiments, the bond strength is at
least 200 kdJ, at least 150 kJ, at least 100 kJ or at least 50 kJ.

[0065] Because most materials absorb light at extreme ultraviolet wavelengths, the
optical elements used are reflective instead of the transmissive as used in other
lithography systems. The multilayer reflective stack 306 forms a reflective structure by
having alternating thin layers of materials with different optical properties to create a
Bragg reflector or mirror.

[0066] The multilayer reflective stack 306 is formed in a variety of ways. In an
embodiment, the first layer 312 and the second layer 314 are formed with magnetron
sputtering, ion sputtering systems, pulsed laser deposition, cathode arc deposition, or
a combination thereof.

[0067] In an illustrative embodiment, the multilayer reflective stack 306 is formed
using a physical vapor deposition technique, such as magnetron sputtering. In an
embodiment, the first layer 312 and the second layer 314 of the multilayer reflective
stack 306 have the characteristics of being formed by the magnetron sputtering
technique including precise thickness, low roughness, and clean interfaces between
the layers. In an embodiment, the first layer 312 and the second layer 314 of the
multilayer reflective stack 306 have the characteristics of being formed by the physical
vapor deposition including precise thickness, low roughness, and clean interfaces
between the layers.

[0068] In one or more embodiments, the multilayer reflective stack 306 has a
roughness that is reduced compared to a multilayer reflective stack that does not
include at least one of the alloy, the nitride, the carbide, the oxide, or the silicide of the
first layer 312, or at least one of the alloy, the nitride, the carbide, the oxide, or the
silicide of the second layer 314.

[0069] In one or more embodiments, a multilayer reflective stack that does not

include at least one of the alloy, the nitride, the carbide, the oxide, or the silicide of the
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first layer 312, or at least one of the alloy, the nitride, the carbide, the oxide, or the
silicide of the second layer 314 has a roughness of greater than 0.3 nm.

[0070] In one or more embodiments, the multilayer reflective stack 306 having at
least one of the alloy, the nitride, the carbide, the oxide, or the silicide of the first layer
312, or at least one of the alloy, the nitride, the carbide, the oxide, or the silicide of the
second layer 314 has a roughness in a range from about 0.15 nm to about 0.30 nm,
from about 0.16 nm to about 0.29 nm, from about 0.17 nm to about 0.28 nm, from
about 0.18 nm to about 0.27 nm, from about 0.19 nm to about 0.26 nm, from about
0.20 nm to about 0.25 nm, from about 0.21 nm to about 0.24 nm, or from about 0.22
nm to about 0.23 nm.

[0071] In an embodiment, each of the alternating layers has dissimilar optical
constants for the extreme ultraviolet light 112. The alternating layers provide a
resonant reflectivity when the period of the thickness of the alternating layers is one
half the wavelength of the extreme ultraviolet light 112. In an embodiment, for the
extreme ultraviolet light 112 at a wavelength of 13 nm, the alternating layers are about
6.5 nm thick. It is understood that the sizes and dimensions provided are within
normal engineering tolerances for typical elements.

[0072] The physical dimensions of the layers of the multilayer reflective stack 306
formed using the physical vapor deposition technique is precisely controlled to
increase reflectivity. The thickness of the layers dictates the peak reflectivity
wavelength of the extreme ultraviolet reflective element. If the thickness of the layers
is incorrect, the reflectivity at the desired wavelength 13.5 nm is reduced. In one or
more embodiments, each of the first layer 312 and the second layer 314 has a
thickness in a range of from about 2 nm to about 5 nm. In one or more embodiments,
each of the first layer 312 and the second layer 314 has a thickness in a range of from
about 2.5 nm to about 4.5 nm or in a range from about 3 nm to about 4 nm. In one or
more embodiments, the thickness of the first layer 312 and the thickness of the
second layer 314 are different.

[0073] In one or more embodiments, each pair of the alternating layers 316 of the
multilayer reflective stack 306 has a thickness in a range from about 5 nm to about 10

nm. In one or more embodiments, each pair of the alternating layers 316 of the
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multilayer reflective stack 306 has a thickness in a range from about 6 nm to about 9
nm or from about 7 nm to about 8 nm.

[0074] In one or more embodiments, the multilayer reflective stack 306 has a
thickness in a range from about 150 nm to about 400 nm. In one or more
embodiments, the multilayer reflective stack 306 has a thickness in a range from
about 175 nm to about 375 nm, from about 200 nm to about 350 nm, from about 225
nm to about 325 nm, or from about 250 nm to about 300 nm.

[0075] In an embodiment, the multilayer reflective stack 306 has a reflectivity of
greater than 60%. In an embodiment, the multilayer reflective stack 306 formed using
physical vapor deposition has a reflectivity in a range of 66%-67%. In one or more
embodiments, forming the capping layer 308 over the multilayer reflective stack 306
formed with harder materials improves reflectivity. In some embodiments, reflectivity
greater than 70% is achieved using low roughness layers, clean interfaces between
layers, improved layer materials, or a combination thereof.

[0076] Referring now to FIG. 5, an embodiment of an extreme ultraviolet reflective
element 402 is shown. In one or more embodiments, the extreme ultraviolet reflective
element 402 is the EUV mask blank 204 of FIG. 3 or the extreme ultraviolet mirror 205
of FIG. 3. The EUV mask blank 204 and the extreme ultraviolet mirror 205 are
structures for reflecting the extreme ultraviolet light 112 of FIG. 2. The EUV mask
blank 204 is used to form the EUV reflective mask 106 shown in FIG. 2.

[0077] In one or more embodiments, the extreme ultraviolet reflective element 402
includes a substrate 404, a multilayer reflective stack 406, and a capping layer 408.
In one or more embodiments, the extreme ultraviolet mirror 205 is used to form
reflecting structures for use in the condenser 104 of FIG. 2 or the optical reduction
assembly 108 of FIG. 2.

[0078] In one or more embodiments, the extreme ultraviolet reflective element 402,
which in some embodiments is an EUV mask blank 204, includes the substrate 404,
the multilayer reflective stack 406 comprises a plurality of pairs of alternating layers
comprising a first layer 412 and a second layer 416, an interface layer 414 between
the first layer 412 and the second layer 416, the capping layer 408, and an absorber
layer 410 on the capping layer 408. The extreme ultraviolet reflective element 402, in

some embodiments, is an EUV mask blank 204, which is used to form the EUV
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reflective mask 106 of FIG. 2 by patterning the absorber layer 410 with the layout of
the circuitry required. In one or more embodiments, the interface layer 414 reduces
the roughness of the second layer 416 to facilitate growth of a smooth first layer 412
on top of the second layer 414 as a multilayer stack of alternating first layers 412 and
second layers 416 are formed with the interface layer 414 formed between and
functioning as a smoothing layer. In one or more embodiments, roughness reduction
of the multilayer stack increases reflectance of multilayer and enhance bandwidth of
reflection.

[0079] In one or more embodiments, the multilayer reflective stack 406 is a
structure that is reflective to the extreme ultraviolet light 112. In one or more
embodiments, the multilayer reflective stack 406 comprises a plurality of pairs of
alternating layers comprising a first layer 412 and a second layer 416. In one or more
embodiments, the multilayer reflective stack 406 comprises an interface layer 414
between the first layer 412 and the second layer 416.

[0080] In one or more embodiments, the first layer 412, the second layer 416 and
the interface layer 414 form a group 418 of reflective layers. In one or more
embodiments, the multilayer reflective stack 406 has 20-60 groups 418 of reflective
layers.

[0081] In one or more embodiments, the first layer 412 includes a first element
selected from the group consisting of Si, B, Al, Mg, Zr, Ba, Nb, Ti, Gd, Y, and Ca. In
one or more embodiments, the first layer 412 includes an alloy of two or more of the
first elements, a nitride of the first element, a carbide of the first element, an oxide of
the first element, and a silicide of B, Al, Mg, Zr, Ba, Nb, Ti, Gd, Y, and Ca.

[0082] In one or more embodiments, the second layer 416 includes a second
element selected from the group consisting of Ru, Mo, Ta, Sb, Tc, Nb, Ir, Pt, and Pd.
In one or more embodiments, the second layer 416 includes an alloy of two or more of
the second elements, a nitride of the second element, a carbide of the second
element, an oxide of the second element, and a silicide of the second element.

[0083] In one or more embodiments, the multilayer reflective stack 406 comprises
an interface layer 414 between the first layer 412 and the second layer 416. In one or
more embodiments, the interface layer 414 includes an interface element selected

from the group consisting of Si, B, C, Al, Mo, Ru, an alloy of the interface element, a
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nitride of the interface element, a carbide of the interface element, an oxide of the
interface element, and a silicide of the interface element. In one or more
embodiments, when the interface layer 414 comprises Si and the first layer 412
comprises Si, properties of the interface layer 414 are different than properties of the
first layer 412. In one or more embodiments, when the interface layer 414 comprises
Ru and the second layer 416 comprises Ru, properties of the interface layer 414 are
different than properties of the second layer 416. In one or more embodiments, when
the interface layer 414 comprises Mo and the second layer 416 comprises Mo,
properties of the interface layer 414 are different than properties of the second layer
416.

[0084] In one or more embodiments, the alloy of the interface elements has a
general formula of AxBy comprising two elements where the sum of x and y is equal to
1. In one or more embodiments, the general formula of AxBy includes one or more of
Ao.1Bog, Ao2Bos, AosBoz, Ao4Bos, AosBos, AcsBoas, Ao7Bos, AosBoz, and AosBoi. In
one or more embodiments, x is from 0.5 to 0.98. In one or more embodiments where
x is from 0.5t0 0.98, y is from 0.02 to 0.5.

[0085] In one or more embodiments, examples of the alloy of the interface
elements having the general formula of AxBy comprising two elements include, but are
not limited to, one or more of SixNy, SixCy, SixOy, BxSiy, BxNy, BxCy, BxOy, CxSiy, CxNy,
CxOy, AlxNy, AlSiy, AlxCy, AlxOy, SixBy, SixAly, BxCy, BxAly, CxAly, MoxSiy, MoxNy, MoxCy,
MoxOy RuxSiy, RuxNy, RuxCy, RuxOy, MoxRuy, and any variations thereof. In one or
more embodiments, the alloy of the interface elements includes other compounds
having the general formula of AxBy comprising two elements.

[0086] In one or more embodiments, the alloy of the two or more first elements
having the general formula of AxBy comprising two elements, the alloy of the two or
more second elements having the general formula of AxBy comprising two elements,
and the alloy of the interface elements having the general formula of AxBy comprising
two elements may form alloys including one or more first elements, one or more
second elements, and one or more interface elements.

[0087] In one or more embodiments, the alloy of the interface elements has a
general formula of AxByC: comprising three elements where the sum of x, y, and z is

equal to 1. In one or more embodiments, the general formula of AxByC: includes one
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or more of Ao01B045Co.45, A02B0.4Co4, A03B0.35Co.35, A0.4B03Cos, Ao5Bo.25C0.25,
A06B02Co2, A07B02Co.1, Ao0sBo.1Co1, Ao0.9Bo.05Co.05. A0.45B0.1Co.45, A0.4B0.2Co.4,
Ao035B03Co3s5, A03B04Cos, A025BosCozs, A02BoeCoz, A02Bo7Co1, Aoc1BosCour,
A0.0sB0.9Co.05, A0.45B0.45C0.1, A04B0.4Co2, A035B0.35C0.3, A03B03Co4, Ao025B0.25C0s5,
A0.2B0.2Cos, A0.1B0.2Co7, Ac.1Bo.1Cos, Ao.0sBo.0sCog. In one or more embodiments, x is
from 0.5 to 0.98. In one or more embodiments x is from 0.5 to 0.98, y is from 0.02 to
0.5.

[0088] In one or more embodiments, examples of the alloy of the interface
elements having the general formula of AxByC. comprising three elements include, but
are not limited to one or more of SixByNz, SixByCz, SixByOz, SixCyNz, SixCyOz, SixAlyO;
SixAlyNz, SixAlyCz, BxCySiz, BxCyNz, BxGyOz, BxAlySiz, BxAlyNz, BxAlyCz, BxAlyOq,
CxAlySiz, CxAlyNz, CxAly,Oz, MoxByNz, MoxByC:-, MoxByO-, MoxCyNz, MoxCyO2, MoxAlyO-
MoxAlyNz, MoxAlyCz, MoxRuySiz, MoxRuyNz, MoxRuyCz, MoxRuyOz, RuxByNz, RuxByCx,
RuxByOz, RuxCyNz, RuxCyOz, RuxAlyOz RuxAlyNz, RuxAlyC., and any variations thereof.
In one or more embodiments, the alloy of the interface elements includes other
compounds having the general formula of AxByCz comprising three elements.

[0089] In one or more embodiments, the alloy of the two or more first elements
having the general formula of AxByC: comprising three elements, the alloy of the two
or more second elements having the general formula of AxByC: comprising three
elements, and the alloy of the interface elements having the general formula of AxByC:
comprising three elements may form alloys including one or more first elements, one
or more second elements, and one or more interface elements.

[0090] In one or more embodiments, each of the alloy of the two or more first
elements, the alloy of the two or more second elements, and the alloy of the interface
elements having general formula of AxByC: comprising three elements have a bond
strength between the two or more first elements, the two or more second elements,
and the interface elements. In one or more embodiments, the bond strength is at
least 250 kdJ. In one or more embodiments, the bond strength is at least 200 kJ, at
least 150 kdJ, at least 100 kJ or at least 50 kJ.

[0091] In one or more embodiments, the bond strength between each of the alloy
of the two or more first elements, the alloy of the two or more second elements, and

the alloy of the interface elements is greater than a bond strength between an alloy of
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the two or more first elements and the alloy of the two or more second elements not
having an alloy of the interface elements.

[0092] In one or more embodiments, each of the first layer 412 and the second
layer 416 has a thickness in a range of from about 2 nm to about 5 nm. In one or
more embodiments, each of the first layer 412 and the second layer 416 has a
thickness in a range of from about 2.5 nm to about 4.5 nm or in a range from about 3
nm to about 4 nm. In one or more embodiments, the thickness of the first layer 412
and the thickness of the second layer 416 are different.

[0093] In one or more embodiments, the interface layer 414 has a thickness in a
range of from about O nm to about 1.3 nm. In one or more embodiments, the interface
layer 414 has a thickness in a range of from about 0.1 nm to about 1.3 nm, from about
0.2 nm to about 1.2 nm, from about 0.3 nm to about 1.1 nm, from about 0.4 nm to
about 1.0 nm, from about 0.5 nm to about 0.9 nm, or from about 0.6 nm to about 0.8
nm.

[0094] In one or more embodiments, each group 418 of reflective layers of the
multilayer reflective stack 406 has a thickness in a range from about 5 nm to about 10
nm. In one or more embodiments, each group 418 of reflective layers of the multilayer
reflective stack 406 has a thickness in a range from about 6 nm to about 9 nm or from
about 7 nm to about 8 nm. In one or more embodiments, the multilayer reflective
stack 406 has 40 groups 418 of reflective layers, each group 418 having a thickness.
In one or more embodiments, each group 418 of reflective layers has a same
thickness. In one or more embodiments, each group 418 of reflective layers has a
different thickness.

[0095] In one or more embodiments, the multilayer reflective stack 406 has a
thickness in a range from about 150 nm to about 450 nm. In one or more
embodiments, the multilayer reflective stack 406 has a thickness in a range from
about 175 nm to about 425 nm, from about 200 nm to about 400 nm, from about 225
nm to about 375 nm, from about 250 nm to about 350 nm, or from about 275 nm to
about 325 nm.

[0096] In one or more embodiments, the multilayer reflective stack 406 has a
roughness that is reduced compared to a multilayer reflective stack that does not

include at least one of the alloy, the nitride, the carbide, the oxide, or the silicide of the
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first layer 412, at least one of the alloy, the nitride, the carbide, the oxide, or the
silicide of the second layer 416, or at least one of the alloy, the nitride, the carbide, the
oxide, or the silicide of the interface layer 414.

[0097] In one or more embodiments, a multilayer reflective stack that does not
include at least one of the alloy, the nitride, the carbide, the oxide, or the silicide of the
first layer 412, at least one of the alloy, the nitride, the carbide, the oxide, or the
silicide of the second layer 416, or at least one of the alloy, the nitride, the carbide, the
oxide, or the silicide of the interface layer 414 has a roughness of greater than 0.3 nm.
[0098] In one or more embodiments, the muliilayer reflective stack 406 that
includes at least one of the alloy, the nitride, the carbide, the oxide, or the silicide of
the first layer 412, at least one of the alloy, the nitride, the carbide, the oxide, or the
silicide of the second layer 416, or at least one of the alloy, the nitride, the carbide, the
oxide, or the silicide of the interface layer 414 has a roughness in a range from about
0.15 nm to about 0.30 nm, from about 0.16 nm to about 0.29 nm, from about 0.17 nm
to about 0.28 nm, from about 0.18 nm to about 0.27 nm, from about 0.19 nm to about
0.26 nm, from about 0.20 nm to about 0.25 nm, from about 0.21 nm to about 0.24 nm,
or from about 0.22 nm to about 0.23 nm.

[0099] In one or more embodiments, the interface layer 414 has a density that is at
least 95% of a density of the multilayer stack 406. In one or more embodiments, the
interface layer 414 has a density that is at least 85%, at least 75%, at least 65% or at
least 50% of a density of the multilayer stack 406.

[00100] In one or more embodiments, the interface layer 414 is thermally stable at a
temperature of at least 1400 °C. In one or more embodiments, the interface layer is
thermally stable at a temperature of at least 1200 °C, at least 1000 °C, at least 800 °C,
at least 600 °C or at least 400 °C.

[00101] Referring again to FIGs. 4 and 5, the capping layer is a protective layer
allowing the transmission of the extreme ultraviolet light 112. In one or more
embodiments, the capping layer 308 of FIG. 4 and the capping layer 408 of FIG. 5
have the same properties and can be described with reference to either or both of
FIG. 4 and FIG. 5. Referring to FIG. 5, the capping layer 408 is formed directly on the
multilayer reflective stack 406. In one or more embodiments, the capping layer 408

protects the multilayer reflective stack 406 from contaminants and mechanical
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damage. In one embodiment, the multilayer reflective stack 406 is sensitive to
contamination by oxygen, carbon, hydrocarbons, or a combination thereof. The
capping layer 408 according to an embodiment interacts with the contaminants to
neutralize them.

[00102] In one or more embodiments, the capping layer 408 is an optically uniform
structure that is transparent to the extreme ultraviolet light 112. The extreme ultraviolet
light 112 passes through the capping layer 408 to reflect off of the multilayer reflective
stack 406. In one or more embodiments, the capping layer 408 has a total reflectivity
loss of 1% to 2%. In one or more embodiments, each of the different materials has a
different reflectivity loss depending on thickness, but all of them will be in a range of
1% 10 2%.

[00103] In one or more embodiments, the capping layer 408 has a smooth surface.
For example, the surface of the capping layer 408 in some embodiments has a
roughness of less than 0.2 nm RMS (root mean square measure). In another
example, the surface of the capping layer 408 has a roughness of 0.08 nm RMS for a
length in a range of 1/100 nm and 1/1 um. The RMS roughness will vary depending on
the range it is measured over. For the specific range of 100 nm to 1 micron that
roughness is 0.08 nm or less. Over a larger range the roughness will be higher.
[00104] The capping layer 408 is formed by a variety of methods. In an
embodiment, the capping layer 408 is formed on or directly on the multilayer reflective
stack 406 with magnetron sputtering, ion sputtering systems, ion beam deposition,
electron beam evaporation, radio frequency (RF) sputtering, atomic layer deposition
(ALD), pulsed laser deposition, cathode arc deposition, or a combination thereof. In
one or more embodiments, the capping layer 408 has the physical characteristics of
being formed by the magnetron sputtering technique including precise thickness, low
roughness, and clean interfaces between the layers. In an embodiment, the capping
layer 408 has the physical characteristics of being formed by the physical vapor
deposition including precise thickness, low roughness, and clean interfaces between
the layers.

[00105] In one or more embodiments, the capping layer 408 is formed from a variety
of materials having a hardness sufficient to resist erosion during cleaning. In one

embodiment, ruthenium is used as a capping layer material because it is a good etch
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stop and is relatively inert under the operating conditions. However, it is understood
that in some embodiments, other materials are used to form the capping layer 408. In
specific embodiments, the capping layer 408 has a thickness in a range of 2.5 and 5.0
nm.

[00106] Referring again to FIGs. 4 and 5, the absorber layer is a layer that absorbs
the extreme ultraviolet light 112.  In one or more embodiments, the absorber layer
310 of FIG. 4 and the absorber layer 410 of FIG. 5 have the same properties and can
be described with reference to either or both of FIG. 4 and FIG. 5. Referring to FIG. 5,
the absorber layer 410 is used to form the pattern on the EUV reflective mask 106 by
providing areas that do not reflect the extreme ultraviolet light 112. The absorber layer
410, according to one or more embodiments, comprises a material having a high
absorption coefficient for a particular frequency of the extreme ultraviolet light 112,
such as about 13.5 nm. In an embodiment, the absorber layer 410 is formed directly
on the capping layer 408, and the absorber layer 410 is etched using a
photolithography process to form the pattern of the EUV reflective mask 106.

[00107] According to one or more embodiments, the extreme ultraviolet reflective
element 402, such as the extreme ultraviolet mirror 205, is formed with the substrate
404, the multilayer reflective stack 406, and the capping layer 408. The extreme
ultraviolet mirror 205 has an optically flat surface and efficiently and uniformly reflects
the extreme ultraviolet light 112.

[00108] According to one or more embodiments, the extreme ultraviolet reflective
element 402, such as the EUV mask blank 204, is formed with the substrate 404, the
multilayer reflective stack 406, the capping layer 408, and the absorber layer 410. The
mask blank 204 has an optically flat surface and efficiently and uniformly reflects the
extreme ultraviolet light 112. In an embodiment, the mask pattern 114 is formed with
the absorber layer 410 of the EUV mask blank 204.

[00109] According to one or more embodiments, forming the absorber layer 410
over the capping layer 408 increases reliability of the EUV reflective mask 106. The
capping layer 408 acts as an etch stop layer for the absorber layer 410. When the
mask pattern 114 of FIG. 2 is etched into the absorber layer 410, the capping layer
408 beneath the absorber layer 410 stops the etching action to protect the multilayer

reflective stack 406. In one or more embodiments, the absorber layer 410 is etch
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selective to the capping layer 408. In some embodiments, the capping layer 408
comprises ruthenium, and the absorber layer 410 is etch selective to ruthenium.

[00110] In one or more embodiments, the absorber layer 410 has an "n" value of
less than 0.92, which provides a range from about 180 degrees to about 220 degrees

phase shift. The "n" value of less than about 0.92 improves the normalized image log
slope (NILS) and mitigates 3D effects. As used in the specification and appended
claims, "normalized image log slope (NILS)" refers to a metric describing the
lithographic quality of an aerial image. As used in the specification and appended
claims, "n" or "n value” refers to an index of refraction. The index of refraction is a
measurement of the bending of a ray of light when passing from one medium into
another. The low "n" value improves the NILS and mitigates 3D effects.

[00111] In an embodiment, the absorber layer 410 has a thickness of less than
about 55 nm, including less than about 50 nm, less than about 45 nm, less than about
40 nm, less than about 35 nm, less than about 30 nm, less than about 25 nm, less
than about 20 nm, less than about 15 nm, less than about 10 nm, less than about 5
nm, less than about 1 nm, or less than about 0.5 nm. In other embodiments, the
absorber layer 310 has a thickness in a range of about 0.5 nm to about 55 nm,
including a range of about 1 nm to about 54 nm, 1 nm to about 50 nm, and 15 nm to
about 50 nm.

[00112] Referring now to FIG. 6, an upper portion of a multi-cathode source
chamber 600 is shown in accordance with an embodiment. The multi-cathode
chamber 600 includes a base structure 601 with a cylindrical body portion 602 capped
by a top adapter 604. The top adapter 604 has provisions for a number of cathode
sources, such as cathode sources 606, 608, 610, 612, and 614, positioned around the
top adapter 604. The cathode sources 606, 608, 610, 612, and 614 according to one
or more embodiments comprise different materials as described herein to form the
multilayer reflective stack.

[00113] In some embodiments, the multi-cathode source chamber 600 is part of the
system shown in FIG. 3. In an embodiment, an extreme ultraviolet (EUV) mask blank
production system comprises a substrate handling vacuum chamber for creating a
vacuum, a substrate handling platform, in the vacuum, for transporting a substrate

loaded in the substrate handling vacuum chamber, and multiple sub-chambers,
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accessed by the substrate handling platform, for forming an EUV mask blank,
including a multilayer stack of reflective layers on the substrate, the multilayer stack
including a plurality of reflective layer pairs, a capping layer on the multilayer stack of
reflective layers, and an absorber layer on the capping layer. The system is used to
make the EUV mask blanks shown with respect to FIG. 4 or FIG. 5 and have any of
the properties described with respect to the EUV mask blanks described with respect
to FIGS. 4-5.

[00114] Processes may generally be stored in the memory as a software routine
that, when executed by the processor, causes the process chamber to perform
processes of the present disclosure. The software routine may also be stored and/or
executed by a second processor (not shown) that is remotely located from the
hardware being controlled by the processor. Some or all of the method of the present
disclosure may also be performed in hardware. As such, the process may be
implemented in software and executed using a computer system, in hardware as, e.g.,
an application specific integrated circuit or other type of hardware implementation, or
as a combination of software and hardware. The software routine, when executed by
the processor, transforms the general purpose computer into a specific purpose
computer (controller) that controls the chamber operation such that the processes are
performed.

[00115] Reference throughout this specification to "one embodiment,” "certain

embodiments,” "one or more embodiments" or "an embodiment” means that a
particular feature, structure, material, or characteristic described in connection with the
embodiment is included in at least one embodiment of the disclosure. Thus, the

appearances of the phrases such as "in one or more embodiments,” "in certain

embodiments,” "in one embodiment” or "in an embodiment” in various places
throughout this specification are not necessarily referring to the same embodiment of
the disclosure. Furthermore, the particular features, structures, materials, or
characteristics may be combined in any suitable manner in one or more embodiments.
[00116] Although the disclosure herein has been described with reference to
particular embodiments, it is to be understood that these embodiments are merely
exemplary. It will be apparent to those skilled in the art that various modifications and

variations can be made to the method and apparatus of the present disclosure without
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departing from the spirit and scope of the disclosure. Thus, it is intended that the
present disclosure include modifications and variations that are within the scope of the

appended claims and their equivalents.



10

15

20

25

30

WO 2022/266057 PCT/US2022/033375

28

What is claimed is:

1. An extreme ultraviolet (EUV) mask blank comprising:

a multilayer reflective stack on a substrate, the multilayer reflective stack
comprising a plurality of pairs of alternating layers comprising a first layer and a
second layer, the first layer including a first element selected from the group
consisting of Si, B, Al, Mg, Zr, Ba, Nb, Ti, Gd, Y, and Ca; and the second layer
including a second element selected from the group consisting of Ru, Mo, Ta, Sb, Tc,
Nb, Ir, Pt, and Pd wherein

the first layer comprises at least one of: an alloy of two or more of the
first elements, a nitride of the first element, a carbide of the first element, an
oxide of the first element, and a silicide of B, Al, Mg, Zr, Ba, Nb, Ti, Gd, Y, and

Ca; or

the second layer comprises at least one of an alloy of two or more of the
second elements, a nitride of the second element, a carbide of the second
element, an oxide of the second element, and a silicide of the second element;

a capping layer on the multilayer reflective stack; and

an absorber layer on the capping layer.

2. The EUV mask blank of claim 1, wherein the multilayer reflective stack has a
roughness that is reduced compared to a multilayer reflective stack that does not
include at least one of the alloy, the nitride, the carbide, the oxide, or the silicide of the
first layer, or at least one of the alloy, the nitride, the carbide, the oxide, or the silicide

of the second layer.

3. The EUV mask blank of claim 2, wherein each of the first layer and the second

layer has a thickness in a range of from about 2 nm to about 5 nm.

4, The EUV mask blank of claim 3, wherein each pair of the alternating layers of
the multilayer reflective stack has a thickness in a range from about 5 nm to about 10

nm.
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5. The EUV mask blank of claim 4, wherein the multilayer reflective stack has a

thickness in a range from about 150 nm to about 450 nm.

6. The EUV mask blank of claim 1, wherein each of the alloy of the two or more
first elements and the alloy of the two or more second elements has a general formula

of AxBy comprising two elements where the sum of x and y is equal to 1.

7. The EUV mask blank of claim 1, wherein each of the alloy of the two or more
first elements and the alloy of the two or more second elements has a general formula

of AxByC: comprising three elements where the sum of x, y, and z is equal to 1.

8. An extreme ultraviolet (EUV) mask blank comprising:

a multilayer reflective stack on a substrate, the multilayer reflective stack
comprising a plurality of pairs of alternating layers comprising a first layer and a
second layer, the first layer including a first element selected from the group
consisting of Si, B, Al, Mg, Zr, Ba, Nb, Ti, Gd, Y, and Ca; and the second layer
including a second element selected from the group consisting of Ru, Mo, Ta, Sb, Tc,
Nb, Ir, Pt, and Pd;

an interface layer between the first layer and the second layer, the interface
layer including an interface element selected from the group consisting of Si, B, C, Al,
Mo, Ru, an alloy of the interface element, a nitride of the interface element, a carbide
of the interface element, an oxide of the interface element, and a silicide of the
interface element, wherein when the interface layer comprises Si and the first layer
comprises Si, properties of the interface layer are different than properties of the first
layer, and wherein the interface layer reduces roughness of the multilayer reflective
stack compared to a multilayer reflective stack that does not include an interface layer
between the first layer and the second layer;

a capping layer on the multilayer reflective stack; and

an absorber layer on the capping layer.

9. The EUV mask blank of claim 8, wherein each of the first layer and the second

layer has a thickness in a range of from about 2 nm to about 5 nm.
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10.  The EUV mask blank of claim 8, wherein the interface layer has a thickness in

a range of from about 0 nm to about 1.3 nm.

11.  The EUV mask blank of claim 8, wherein each group of reflective layers of the

multilayer reflective stack has a thickness in a range from about 5 nm to about 10 nm.

12. The EUV mask blank of claim 8, wherein the multilayer reflective stack has a

thickness in a range from about 150 nm to about 450 nm.

13.  The EUV mask blank of claim 8, wherein the multilayer reflective stack has a
roughness that is reduced compared to a multilayer reflective stack that does not
include at least one of the alloy, the nitride, the carbide, the oxide, or the silicide of the
first layer, at least one of the alloy, the nitride, the carbide, the oxide, or the silicide of
the second layer, or at least one of the alloy, the nitride, the carbide, the oxide, or the

silicide of the interface layer.

14. A method of reducing roughness of a multilayer reflective stack, the method
comprising:
forming multilayer reflective stack on a substrate, the multilayer reflective stack
comprising a plurality of pairs of alternating layers comprising a first layer and a
second layer, the first layer including a first element selected from the group
consisting of Si, B, Al, Mg, Zr, Ba, Nb, Ti, Gd, Y, and Ca; and the second layer
including a second element selected from the group consisting of Ru, Mo, Ta, Sb, Tc,
Nb, Ir, Pt, and Pd;
forming in at least one of the first layer and the second layer:
at least one of an alloy of two or more of the first elements, a nitride of
the first element, a carbide of the first element, an oxide of the first element,
and a silicide of B, Al, Mg, Zr, Ba, Nb, Ti, Gd, Y and Ca;
at least one of an alloy of two or more of the second elements, a nitride
of the second element, a carbide of the second element, an oxide of the

second element, and a silicide of the second element;



10

15

20

25

30

WO 2022/266057 PCT/US2022/033375

31

forming a capping layer on the multilayer reflective stack; and

forming an absorber layer on the capping layer.

15.  The method of claim 14, further comprising forming an interface layer between
the first layer and the second layer, the interface layer including an interface element
selected from the group consisting of Si, B, C, Al, Mo, Ru, an alloy of the interface
element, a nitride of the interface element, a carbide of the interface element, an oxide
of the interface element, and a silicide of the interface element, wherein when the
interface layer comprises Si and the first layer comprises Si, properties of the interface

layer are different than properties of the first layer.

16. The method of claim 14, wherein each of the first layer and the second layer

has a thickness in a range of from about 2 nm to about 5 nm.

17.  The method of claim 15, wherein the interface layer has a thickness in a range

of from about 0 nm to about 1.3 nm.

18.  The method of claim 14, wherein the multilayer reflective stack has a thickness

in a range from 150 nm to about 450 nm.

19.  The method of claim 14, wherein each of the alloy of the two or more first
elements and the alloy of the two or more second elements has one or more of a
general formula of AxBy comprising two elements where the sum of x and y is equal to
1, and a general formula of AxByCz comprising three elements where the sum of x, y,

and z is equal to 1.

20. The method of claim 14, wherein the multilayer reflective stack has a
roughness that is reduced compared to a multilayer reflective stack that does not
include at least one of the alloy, the nitride, the carbide, the oxide, or the silicide of the
first layer, or at least one of the alloy, the nitride, the carbide, the oxide, or the silicide

of the second layer.
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