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EXTREME ULTRAVIOLET REFLECTIVE ELEMENT WITH 

AMORPHOUS LAYERS AND METHOD OF MANUFACTURING 

THEREOF 

TECHNICAL FIELD 

[0001] The present invention relates generally to extreme ultraviolet lithography, and more 

particularly to reflective elements with multilayer stacks having amorphous layers for 

extreme ultraviolet lithography. 

BACKGROUND 

[0002] Modern consumer and industrial electronic systems are growing ever more complex. 

Electronic devices require higher density electronic components in smaller and more flexible 

packages. As component densities increase, technology changes are required to satisfy the 

demand for higher density devices with smaller feature sizes. Extreme ultraviolet lithography, 

also known as soft x-ray projection lithography, is a photolithographic process for the 

manufacture of 0.13 micron, and smaller, minimum feature size semiconductor devices. 

[0003] Extreme ultraviolet light, which can generally in the 5 to 50 nanometer wavelength 

range, is strongly absorbed by most materials. For that reason, extreme ultraviolet systems 

work by reflection rather than by transmission of light. Extreme ultraviolet radiation can be 

projected through a series of reflective components, including mirror assemblies and mask 

blanks coated with a non-reflective mask pattern, and directed onto semiconductor wafers to 

form high density, small feature size semiconductor devices. 

[0004] The reflective components of extreme ultraviolet lithography systems can include 

reflective multilayer coatings of materials. Because of the high power levels of the extreme 

ultraviolet light, the remaining non-reflected extreme ultraviolet light causes thermal heating 

that can degrade reflectivity of the reflective components over time and can result in limited 

lifetimes for the reflective components. 

[0005] In view of the need for the increasingly smaller feature size of electronic 

components, it is increasingly critical that answers be found to these problems. In view of the 

ever-increasing commercial competitive pressures, along with growing consumer 
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expectations, it is critical that answers be found for these problems. Additionally, the need to 

reduce costs, improve efficiencies and performance, and meet competitive pressures adds an 

even greater urgency to the critical necessity for finding answers to these problems. 

[0006] Solutions to these problems have been long sought but prior developments have not 

taught or suggested any solutions and, thus, solutions to these problems have long eluded 

those skilled in the art. 

SUMMARY 

[0007] The embodiments of the present invention provide a method of manufacture of an 

extreme ultraviolet reflective element that includes: providing a substrate; forming a 

multilayer stack on the substrate, the multilayer stack includes a plurality of reflective layer 

pairs having a first reflective layer formed from silicon and a second reflective layer formed 

from molybdenum; forming a barrier layer between the first reflective layer and the second 

reflective layer, the barrier layer formed from boron, carbon, nitrogen, oxygen, fluorine, 

sulphur, phosphorous, or a combination thereof; and forming a capping layer on and over the 

multilayer stack for protecting the multilayer stack by reducing oxidation and mechanical 

erosion. 

[0008] The embodiments of the present invention provide an extreme ultraviolet reflective 

element that includes: a substrate; a multilayer stack on the substrate, the multilayer stack 

includes a plurality of reflective layer pairs having a first reflective layer formed from silicon 

and a second reflective layer formed from molybdenum; a barrier layer formed between the 

first reflective layer and the second reflective layer with the barrier layer formed from boron, 

carbon, nitrogen, oxygen, fluorine, sulphur, phosphorous, or a combination thereof; and a 

capping layer on and over the multilayer stack for protecting the multilayer stack by reducing 

oxidation and mechanical erosion. 

[0009] The embodiments of the present invention provide an extreme ultraviolet reflective 

element production system that includes: a first deposition system for depositing a multilayer 

stack on a substrate, the multilayer stack including a plurality of reflective layer pairs having 

a first reflective layer formed from silicon and a second reflective layer formed from 

molybdenum; and a barrier layer between the first reflective layer and the second reflective 

layer with the barrier layer formed from boron, carbon, nitrogen, oxygen, fluorine, hydrogen, 

sulphur, phosphorous, or a combination thereof, and a second deposition system for forming 
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a capping layer on the multilayer stack for protecting the multilayer stack by reducing 

oxidation and mechanical erosion. 

[0010] Certain embodiments of the invention have other phases or elements in addition to 

or in place of those mentioned above. The phases or element will become apparent to those 

skilled in the art from a reading of the following detailed description when taken with 

reference to the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is an exemplary diagram of an extreme ultraviolet lithography system in a 

first embodiment of the present invention. 

[0012] FIG. 2 is an example of an extreme ultraviolet reflective element production system. 

[0013] FIG. 3 is an example of an extreme ultraviolet reflective element. 

[0014] FIG. 4 is an example of the multilayer stack. 

[0015] FIG. 5 is an example of a physical vapor deposition system. 

[0016] FIG. 6 is an example of a discrete power curve for the physical vapor deposition 

system. 

[0017] FIG. 7 is an example of a merged power curve for the physical vapor deposition 

system. 

[0018] FIG. 8 is the structure of FIG. 3 in a provisioning phase of manufacturing. 

[0019] FIG. 9 is the structure of FIG. 8 in a first layering phase of manufacturing. 

[0020] FIG. 10 is the structure of FIG. 9 in a preventative phase of manufacturing. 

[0021] FIG. 11 is the structure of FIG. 10 in a second layering phase of manufacturing. 

[0022] FIG. 12 is the structure of FIG. 11 in a third layering phase of manufacturing. 

[0023] FIG. 13 is the structure of FIG. 12 in a finishing phase of manufacturing. 

[0024] FIG. 14 is a second example of an ultraviolet reflective element. 

[0025] FIG. 15 is a flow chart of a method of manufacture of the extreme ultraviolet 

reflective element in a further embodiment of the present invention. 

DETAILED DESCRIPTION 

[0026] The following embodiments are described in sufficient detail to enable those skilled 

in the art to make and use the invention. It is to be understood that other embodiments would 

be evident based on the present disclosure, and that system, process, or mechanical changes 

may be made without departing from the scope of the present invention. 
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[0027] In the following description, numerous specific details are given to provide a 

thorough understanding of the invention. However, it will be apparent that the invention may 

be practiced without these specific details. In order to avoid obscuring the present invention, 

some well-known circuits, system configurations, and process phases are not disclosed in 

detail. 

[0028] The drawings showing embodiments of the system are semi-diagrammatic and not to 

scale and, particularly, some of the dimensions are for the clarity of presentation and are 

shown exaggerated in the drawing FIGs. Similarly, although the views in the drawings for 

ease of description generally show similar orientations, this depiction in the FIGs. is arbitrary 

for the most part. Generally, the invention can be operated in any orientation. 

[0029] Where multiple embodiments are disclosed and described having some features in 

common, for clarity and ease of illustration, description, and comprehension thereof, similar 

and like features will be described with the similar reference numerals. 

[0030] For expository purposes, 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. 

[0031] 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. 

[0032] The term "processing" as used herein includes deposition of material or photoresist, 

patterning, exposure, development, etching, sputtering, cleaning, implantation, and/or 

removal of the material or photoresist as required in forming a described structure. The terms 

"about" and "approximately" indicate that the size of an element can be determined within 

engineering tolerances. 

[0033] Referring now to FIG. 1, therein is shown an exemplary diagram of an extreme 

ultraviolet lithography system 100 in a first embodiment of the present invention. The 

extreme ultraviolet lithography system 100 can include 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 can include a condenser 104, a reflective mask 106, an 

optical reduction assembly 108, a mask blank, a mirror, or a combination thereof 

[0034] The extreme ultraviolet light source 102 can generate the extreme ultraviolet light 

112. The extreme ultraviolet light 112 is electromagnetic radiation having a wavelength in the 
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range of 5 to 50 nanometers (nm). For example, the extreme ultraviolet light source 102 can 

include a laser, a laser produced plasma, a discharge produced plasma, a free-electron laser, 

synchrotron radiation, or a combination thereof. 

[0035] The extreme ultraviolet light source 102 can generate the extreme ultraviolet light 

112 having a variety of characteristics. The extreme ultraviolet light source 102 can produce 

broadband extreme ultraviolet radiation over a range of wavelengths. For example, the 

extreme ultraviolet light source 102 can generate the extreme ultraviolet light 112 having 

wavelengths ranging from 5 to 50 nm. 

[0036] The extreme ultraviolet light source 102 can produce the extreme ultraviolet light 

112 having a narrow bandwidth. For example, the extreme ultraviolet light source 102 can 

generate the extreme ultraviolet light 112 at 13.5 nm. The center of the wavelength peak is 

13.5 nm. 

[0037] The condenser 104 is an optical unit for reflecting and focusing the extreme 

ultraviolet light 112. The condenser 104 can reflect and concentrate the extreme ultraviolet 

light 112 from the extreme ultraviolet light source 102 to illuminate the reflective mask 106. 

[0038] Although the condenser 104 is shown as a single element, it is understood that the 

condenser 104 can include 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. For example, the condenser 104 can be a single concave mirror or an 

optical assembly having convex, concave, and flat optical elements. 

[0039] The reflective mask 106 is an extreme ultraviolet reflective element having a mask 

pattern 114. The reflective mask 106 creates a lithographic pattern to form a circuitry layout 

to be formed on the target wafer 110. The reflective mask 106 can reflect the extreme 

ultraviolet light 112. The mask pattern 114 can define a portion of a circuitry layout. 

[0040] 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 reflective mask 

106 can be reduced by the optical reduction assembly 108 and reflected on to the target wafer 

110. The optical reduction assembly 108 can include mirrors and other optical elements to 

reduce the size of the image of the mask pattern 114. For example, the optical reduction 

assembly 108 can include concave mirrors for reflecting and focusing the extreme ultraviolet 

light 112. 

[0041] The optical reduction assembly 108 can reduce the size of the image of the mask 

pattern 114 on the target wafer 110. For example, the mask pattern 114 can be imaged at a 

4:1 ratio by the optical reduction assembly 108 on the target wafer 110 to form the circuitry 
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represented by the mask pattern 114 on the target wafer 110. The extreme ultraviolet light 

112 can scan the reflective mask 106 synchronously with the target wafer 110 to form the 

mask pattern 114 on the target wafer 110. 

[0042] Referring now to FIG. 2, therein is shown an example of an extreme ultraviolet 

reflective element production system 200. The extreme ultraviolet reflective element can 

include a mask blank 204, an extreme ultraviolet mirror 205, or other reflective element. 

[0043] The extreme ultraviolet reflective element production system 200 can produce mask 

blanks, mirrors, or other elements that reflect the extreme ultraviolet light 112 of FIG. 1. The 

extreme ultraviolet reflective element production system 200 can fabricate the reflective 

elements by applying thin coatings to source substrates 203. 

[0044] The mask blank 204 is a multilayered structure for forming the reflective mask 106 

of FIG. 1. The mask blank 204 can be formed using semiconductor fabrication techniques. 

The reflective mask 106 can have the mask pattern 114 of FIG. 1 formed on the mask blank 

204 for representing electronic circuitry. 

[0045] The extreme ultraviolet mirror 205 is a multilayered structure reflective in the range 

of extreme ultraviolet light. The extreme ultraviolet mirror 205 can be formed using 

semiconductor fabrication techniques. The mask blank 204 and the extreme ultraviolet mirror 

205 can be similar structures, however the extreme ultraviolet mirror 205 does not have the 

mask pattern 114. 

[0046] The reflective elements are efficient reflectors of the extreme ultraviolet light 112. 

The mask blank 204 and the extreme ultraviolet mirror 205 can have 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. 

[0047] 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 can include substrate transport boxes, loadlocks, and other components 

to transfer a substrate from atmosphere to vacuum inside the system. Because the mask blank 

204 is used to form devices at a very small scale, the source substrates 203 and the mask 

blank 204 must be processed in a vacuum system to prevent contamination and other defects. 

[0048] The wafer handling vacuum chamber 208 can contain two vacuum chambers, a first 

vacuum chamber 210 and a second vacuum chamber 212. The first vacuum chamber 210 can 

include a first wafer handling system 214 and the second vacuum chamber 212 can include a 
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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. 

[0049] The wafer handling vacuum chamber 208 can have a plurality of ports around its 

periphery for attachment of various other systems. The first vacuum chamber 210 can have 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 cleaning the surfaces 

of the wafers, mask blanks, mirrors, or other optical components. 

[0050] The physical vapor deposition systems, such as the first physical vapor deposition 

system 220 and the second physical vapor deposition system 222, can be used to form thin 

films of conductive materials on the source substrates 203. For example, the physical vapor 

deposition systems can include 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, can form thin layers on the source substrates 203 including the layers of 

silicon, metals, alloys, compounds, or a combination thereof 

[0051] The physical vapor deposition system can form reflective layers, capping layers, and 

absorber layers. For example, the physical vapor deposition systems can form layers of 

silicon, molybdenum, titanium oxide, titanium 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 can include oxides, dioxides, atomic mixtures 

having oxygen atoms, or a combination thereof. 

[0052] The second vacuum chamber 212 can have 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 can 

include 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 can be in a separate system from 

the extreme ultraviolet reflective element production system 200. 

[0053] The chemical vapor deposition system 228 can form thin films of material on the 

source substrates 203. For example, the chemical vapor deposition system 228 can be used to 
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form layers of materials on the source substrates 203 including mono-crystalline layers, 

polycrystalline layers, amorphous layers, epitaxial layers, or a combination thereof. The 

chemical vapor deposition system 228 can form 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 can form planarization layers. 

[0054] 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 can transfer the source substrates 203 and the mask 

blank 204 between the first wafer handling system 214, the second wafer handling system 

216 in a continuous vacuum. 

[0055] Referring now to FIG. 3, therein is shown an example of an extreme ultraviolet 

reflective element 302. The extreme ultraviolet reflective element 302 can be the mask blank 

204 of FIG. 2 or the extreme ultraviolet mirror 205 of FIG. 2. The mask blank 204 and the 

extreme ultraviolet mirror 205 are structures for reflecting the extreme ultraviolet light 112 of 

FIG. 1. 

[0056] The extreme ultraviolet mirror 205 can include a substrate 304, a multilayer stack 

306, and a capping layer 308. The extreme ultraviolet mirror 205 can be used to form 

reflecting structures for use in the condenser 104 of FIG. 1 or the optical reduction assembly 

108 of FIG. 1. 

[0057] The mask blank 204 can include the substrate 304, the multilayer stack 306, the 

capping layer 308, and an absorber layer 310. The mask blank 204 can be used to form the 

reflective mask 106 of FIG. 1 by patterning the absorber layer 310 with the layout of the 

circuitry required. 

[0058] In the following sections, the term for the mask blank 204 can be used 

interchangeably with the term of the extreme ultraviolet mirror 205 for simplicity. The mask 

blank 204 can include the components of the extreme ultraviolet mirror 205 with the absorber 

layer 310 added in addition to form the mask pattern 114 of FIG. 1. 

[0059] The mask blank 204 is an optically flat structure used for forming the reflective 

mask 106 having the mask pattern 114. For example, the reflective surface of the mask blank 
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204 can form a flat focal plane for reflecting the incident light, such as the extreme ultraviolet 

light 112 of FIG. 1. 

[0060] The substrate 304 is an element for providing structural support to the extreme 

ultraviolet reflective element 302. The substrate 304 can be made from a material having a 

low coefficient of thermal expansion (CTE) to provide stability during temperature changes. 

The substrate 304 can have properties such as stability against mechanical cycling, thermal 

cycling, crystal formation, or a combination thereof. The substrate 304 can be formed from a 

material such as silicon, glass, oxides, ceramics, glass ceramics, or a combination thereof 

[0061] The multilayer stack 306 is a structure that is reflective to the extreme ultraviolet 

light 112. The multilayer stack 306 includes alternating reflective layers of a first reflective 

layer 312 and a second reflective layer 314. 

[0062] The first reflective layer 312 and the second reflective layer 314 can form a 

reflective pair 316 of FIG. 3. The multilayer stack 306 can include between 20-60 of the 

reflective pairs 316 for a total of up to 120 reflective layers. 

[0063] The first reflective layer 312 and the second reflective layer 314 can be formed from 

a variety of materials. For example, the first reflective layer 312 and the second reflective 

layer 314 can be formed from silicon and molybdenum, respectively. Although the layers are 

shown as silicon and molybdenum, it is understood that the alternating layers can be formed 

from other materials or have other internal structures. 

[0064] The first reflective layer 312 and the second reflective layer 314 can have a variety 

of structures. For example, both the first reflective layer 312 and the second reflective layer 

314 can be formed with a single layer, multiple layers, a divided layer structure, non-uniform 

structures, or a combination thereof. 

[0065] Because most materials absorb light at extreme ultraviolet wavelengths, the optical 

elements used must be reflective instead of the transmissive as used in other lithography 

systems. The multilayer 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] Each of the alternating layers can have dissimilar optical constants for the extreme 

ultraviolet light 112. The alternating layers can 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. For example, for the extreme ultraviolet light 112 at a wavelength of 13 

nm, the alternating layers can be about 6.5 nm thick. It is understood that the sizes and 

dimensions provided are within normal engineering tolerances for typical elements. 
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[0067] The multilayer stack 306 can be formed in a variety of ways. For example, the first 

reflective layer 312 and the second reflective layer 314 can be formed with magnetron 

sputtering, ion sputtering systems, pulsed laser deposition, cathode arc deposition, or a 

combination thereof 

[0068] In an illustrative example, the multilayer stack 306 can be formed using a physical 

vapor deposition technique, such as magnetron sputtering. The first reflective layer 312 and 

the second reflective layer 314 of the multilayer stack 306 can have the characteristics of 

being formed by the magnetron sputtering technique including precise thickness, low 

roughness, and clean interfaces between the layers. Additionally, the first reflective layer 312 

and the second reflective layer 314 of the multilayer stack 306 can have the characteristics of 

being formed by the physical vapor deposition including precise thickness, low roughness, 

and clean interfaces between the layers. 

[0069] The physical dimensions of the layers of the multilayer stack 306 formed using the 

physical vapor deposition technique can be precisely controlled to increase reflectivity. For 

example, the first reflective layer 312, such as a layer of silicon, can have a thickness of 4.1 

nm. The second reflective layer 314, such as a layer of molybdenum, can have a thickness of 

2.8 nm. 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 can be reduced. 

[0070] The multilayer stack 306 can have a reflectivity of greater than 60%. The multilayer 

stack 306 formed using physical vapor deposition can have reflectivity between than 66%-

67%. Forming the capping layer 308 over the multilayer stack 306 formed with harder 

materials can improve reflectivity. In some cases, reflectivity greater than 70% can be 

achieved using low roughness layers, clean interfaces between layers, improved layer 

materials, or a combination thereof. For example, the multilayer stack 306 formed with 

amorphous molybdenum can achieve reflectivity at levels between 68% and 70%. 

[0071] The capping layer 308 is a protective layer allowing the transmission of the extreme 

ultraviolet light 112. The capping layer 308 can be formed directly on the multilayer stack 

306. The capping layer 308 can protect the multilayer stack 306 from contaminants and 

mechanical damage. For example, the multilayer stack 306 can be sensitive to contamination 

by oxygen, carbon, hydrocarbons, or a combination thereof. The capping layer 308 can 

interact with the contaminants to neutralize them. 

[0072] The capping layer 308 is an optically uniform structure that is transparent to the 

extreme ultraviolet light 112. The extreme ultraviolet light 112 can pass through the capping 
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layer 308 to reflect off of the multilayer stack 306. The capping layer 308 can have a total 

reflectivity loss of 1% to 2%. Each of the different materials can have a different reflectivity 

loss depending on thickness, but all of them will be in the range of 1% to 2%. 

[0073] The capping layer 308 has a smooth surface. For example, the surface of the capping 

layer 308 can have a roughness of less than 0.2 nm RMS (root mean square measure). In 

another example, the surface of the capping layer 308 can have a roughness of 0.08 nm RMS 

for a length between 1/100 nm and 1/1 gm. 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 needs 

to be 0.08 nm or less. Over a larger range the roughness will be higher. 

[0074] The capping layer 308 can be formed in a variety of methods. For example, the 

capping layer 308 can be formed on or directly on the multilayer stack 306 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. The capping layer 308 can have the physical 

characteristics of being formed by the magnetron sputtering technique including precise 

thickness, low roughness, and clean interfaces between the layers. The capping layer 308 can 

have the physical characteristics of being formed by the physical vapor deposition including 

precise thickness, low roughness, and clean interfaces between the layers. 

[0075] The capping layer 308 can be formed from a variety of materials having a hardness 

sufficient to resist erosion during cleaning. For example, ruthenium can be used as a capping 

layer material because it is a good etch stop and is relatively inert under the operating 

conditions. However, it is understood that other materials can be used to form the capping 

layer 308. The capping layer 308 can have a thickness of between 2.5 and 5.0 nm. 

[0076] The absorber layer 310 is a layer that can absorb the extreme ultraviolet light 112. 

The absorber layer 310 can be used to form the pattern on the reflective mask 106 by 

providing areas that do not reflect the extreme ultraviolet light 112. The absorber layer 310 

can be 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 illustrative example, the absorber 

layer 310 can be formed from chromium, tantalum, nitrides, or a combination thereof. 

[0077] The absorber layer 310 can be formed directly on the capping layer 308. The 

absorber layer 310 can be etched using a photolithography process to form the pattern of the 

reflective mask 106. 

[0078] The extreme ultraviolet reflective element 302, such as the extreme ultraviolet 

mirror 205, can be formed with the substrate 304, the multilayer stack 306, and the capping 
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layer 308. The extreme ultraviolet mirror 205 has an optically flat surface and can efficiently 

and uniformly reflect the extreme ultraviolet light 112. 

[0079] The extreme ultraviolet reflective element 302, such as the mask blank 204, can be 

formed with the substrate 304, the multilayer stack 306, the capping layer 308, and the 

absorber layer 310. The mask blank 204 has an optically flat surface and can efficiently and 

uniformly reflect the extreme ultraviolet light 112. The mask pattern 114 can be formed with 

the absorber layer 310 of the mask blank 204. 

[0080] It has been discovered that forming the absorber layer 310 over the capping layer 

308 increases reliability of the reflective mask 106. The capping layer 308 acts as an etch 

stop layer for the absorber layer 310. When the mask pattern 114 of FIG. 1 is etched into the 

absorber layer 310, the capping layer 308 beneath the absorber layer 310 can stop the etching 

action to protect the multilayer stack 306. 

[0081] Referring now to FIG. 4, therein is shown an example of the multilayer stack 306. 

The multilayer stack 306 can include the first reflective layer 312 and the second reflective 

layer 314. For example, the first reflective layer 312 and the second reflective layer 314 can 

be formed from silicon and molybdenum, respectively. 

[0082] The reflectivity of the multilayer stack 306 depends on many factors. The 

reflectivity can be influenced by the thickness of the layers, the sharpness of the interface 

between the layers, the roughness of each of the layers, the materials used for each layer, the 

structure of each of the layers, or a combination thereof 

[0083] The layers of the multilayer stack 306 are sized to be reflective at wavelength of the 

extreme ultraviolet light 112 of FIG. 1. At a wavelength of 13.5 nm, the reflective pair 316 

should be approximately one half the wavelength of the extreme ultraviolet light 112, or 

approximately 6.5 nm - 6.75 nm, for maximum reflection. The first reflective layer 312 

formed from silicon can be 4.1 nm thick. The second reflective layer 314 formed from 

molybdenum can be 2.8 nm thick. 

[0084] The multilayer stack 306 can have a variety of configurations. For example, the first 

reflective layer 312 can be formed using silicon and the second reflective layer 314 can be 

formed using molybdenum. In another example, the first reflective layer 312 can be formed 

using molybdenum and the second reflective layer 314 can be formed using silicon. 

[0085] The reflectivity of the multilayer stack 306 can be improved by changing the 

material and structure of the second reflective layer 314, such as the molybdenum layer. For 

example, the second reflective layer 314 can be formed from molybdenum using a physical 

vapor deposition system. The physical vapor deposition system, such as a magnetron 
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sputtering system, can form the molybdenum initially having an amorphous structure. 

However, when the molybdenum layer reaches a thickness of on the order of 2.5 nm, a 

crystallization process occurs and the molybdenum layer crystallizes to form polycrystalline 

molybdenum. 

[0086] The crystallization of the amorphous molybdenum to polycrystalline molybdenum 

can increase the roughness of the second reflective layer 314. The increased roughness of the 

second reflective layer 314 can decreases the reflectivity of the multilayer stack 306. By 

preventing the crystallization of the amorphous molybdenum to polycrystalline molybdenum, 

the reflectivity of the multilayer stack 306 can be increased. 

[0087] The crystallization of the molybdenum layer can be prevented by forming a 

preventative layer 426 on the molybdenum layer before the layer thickness reaches 2.5 nm. 

After the preventative layer 426 has been formed, addition molybdenum can be formed to 

increase the total thickness of the molybdenum layer to 2.8 nm. 

[0088] The preventative layer 426 can separate the second reflective layer 314 into 

amorphous layers, such as a lower amorphous layer 424 and an upper amorphous layer 422. 

Because each of the layers is less than 2.5 nm thick, each layer remains amorphous 

molybdenum. 

[0089] The lower amorphous layer 424, the upper amorphous layer 422, and the 

preventative layer 426 can be formed using physical vapor deposition. The lower amorphous 

layer 424, the upper amorphous layer 422, and the preventative layer 426 can have the 

characteristics of being formed by the physical vapor deposition including precise thickness, 

low roughness, and clean interfaces between the layers. 

[0090] The preventative layer 426 can be formed from a variety of materials. For example, 

the preventative layer 426 can be formed from carbon, ruthenium, niobium, nitrogen, 

molybdenum carbide, ruthenium molybdenum, boron, or boron carbide (B4C). 

[0091] The thickness of each preventative layer material can be different. The thickness 

will depend on the properties for each material used and the exact wavelength of extreme 

ultraviolet light being used. 

[0092] The preventative layer 426 can be thin compared to the amorphous layers. For 

example, the preventative layer 426 can be approximately 1 angstrom thick. In another 

example, the thickness of the preventative layer 426 can be in range of 0.5 to 3 angstroms. 

[0093] The upper amorphous layer 422 and the thickness of the lower amorphous layer 424 

can have a variety of thicknesses. As long as each of the layers is less than the crystallization 

threshold of 2.5 nm, the molybdenum remains amorphous. 
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[0094] For example, the second reflective layer 314 can have the upper amorphous layer 

422 with an upper layer thickness 432 of 1.4 nm and the lower amorphous layer 424 with a 

lower layer thickness 434 of 1.4 nm. In another example, the lower layer thickness 434 can 

be 2.0 nm and the upper layer thickness 432 can be 0.8 nm. Although specific thicknesses are 

provided, it is understood that the upper layer thickness 432 and the lower layer thickness 434 

can be any thickness less than 2.5 nm to prevent crystallization. 

[0095] In yet another example, the configuration can include more than two amorphous 

layers. In still another example, the total thickness of the molybdenum from all amorphous 

layers should add up to 2.8 nm and no one layer should be thicker than 2.5 nm. 

[0096] The preventative layer 426 can diffuse into the surrounding amorphous layers to 

form an atomic mixture of atoms. The atomic mixture is a material having a mixture of the 

atoms of different materials. For example, if the preventative layer 426 is a layer of carbon 

having a preventative layer thickness 436 of 1 angstrom thick. The preventative layer 426 can 

form a layer of a molybdenum-carbon atomic mixture. In another example, the preventative 

layer 426 formed from ruthenium can form a layer of an atomic mixture of molybdenum-

ruthenium. The atomic mixture of the preventative layer 426 can separate the lower 

amorphous layer 424 and the upper amorphous layer 422. 

[0097] Adding the preventative layer 426 between the upper amorphous layer 422 and the 

lower amorphous layer 424 does not significantly change the reflectivity of the multilayer 

stack 306. Because the preventative layer 426 is thin compared to the amorphous layers, the 

preventative layer 426 does not degrade the reflectivity appreciably. Thus, forming the 

multilayer stack 426 with the preventative layer 426 between the amorphous layers increase 

the reflectivity of the multilayer stack 306. 

[0098] The reflectivity of the mask blank 204 of FIG. 2 and the extreme ultraviolet mirror 

205 of FIG. 2 is determined by the sharpness of the interface between the layers and the 

roughness of layers. Changing the material used to from the multilayer stack 306 can improve 

interface sharpness or reduce layer roughness. This will increase the multilayer reflectivity as 

long as the extreme ultraviolet absorption and reflectivity of the materials and the structure 

are similar to that of molybdenum and silicon. 

[0099] One method for decreasing the layer roughness is to change the layers from 

polycrystalline to amorphous. Ensuring that both layers remain amorphous after deposition 

and minimizing interdiffusion between the layers will improve the reflectivity and 

temperature stability of reflective elements. 
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[0100] Breaking up the molybdenum layer with a layer of ruthenium, niobium, or a similar 

material would prevent the molybdenum layer from reaching the thickness required for 

crystallization without severely impacting the reflectivity. Molybdenum alloys, such as 

ruthenium-molybdenum or molybdenum carbide would also be effective in preventing the 

layer crystallization. 

[0101] The diffusion of amorphous silicon into amorphous metallic film is faster than in 

polycrystalline films, leading to the formation of a thicker silicide film which can lower the 

extreme ultraviolet reflectivity of the multilayer stack 306. In addition, interfacial 

molybdenum carbide slows down the interdiffusion at the silicon molybdenum interfaces and 

results in improved reflectivity by both improving the layer roughness and by decreasing the 

interdiffusion. 

[0102] Adding carbon just at the interface between the layers or creating a silicon carbide to 

molybdenum carbide gradient would also decrease or completely remove the interdiffusion 

between the layers. In addition, applying nitrogen just at the interface between the layers 

would also decrease or completely remove the interdiffusion between the layers. Further, 

applying ruthenium, niobium, molybdenum carbide, ruthenium molybdenum, boron, or boron 

carbide at the interface between the layer would decrease or remove the interdiffusion 

between the layers. 

[0103] It has been discovered that forming the preventative layer 426 with carbon, 

ruthenium, niobium, nitrogen, molybdenum carbide, ruthenium molybdenum, boron, or 

boron carbide improves reflectivity of the multilayer stack 306. Adding the preventative layer 

426 prevents the crystallization of the amorphous molybdenum and reduces the roughness of 

the layers. 

[0104] It has been discovered that forming the preventative layer 426 within the 

molybdenum layer of the second reflective layer 314 improves reflectivity of the multilayer 

stack 306. Forming the preventative layer 426 prevents the crystallization of the amorphous 

molybdenum and reduces the roughness of the layers. 

[0105] It has been discovered that forming the preventative layer 426 within the 

molybdenum layer of the second reflective layer 314 improves reflectivity of the multilayer 

stack 306. Forming the preventative layer 426 reduces the level of interdiffusion between the 

molybdenum and the silicon layers and reduces silicide formation. 

[0106] Referring now to FIG. 5, therein is shown an example of a physical vapor deposition 

system 502. The physical vapor deposition system, such as the first physical vapor deposition 

15 



WO 2016/007396 	 PCT/US2015/039160 

system 220 of FIG. 2 or the second physical vapor deposition system 222 of FIG. 2, can form 

the layers of the multilayer stack 306 of FIG. 3. 

[0107] The physical vapor deposition system 502 can deposit material from a target on to 

one of the source substrates 203. The physical vapor deposition system 502 can form layers 

of different materials by selectively applying power to one or more of the targets to transfer 

material from the targets to one of the source substrates 203. 

[0108] The physical vapor deposition system 502 can include a first target 504 and a second 

target 506. For example, the first target 504 can be molybdenum. The second target 506 can 

be carbon. A sputtering gas 508, such as argon, can be used to facilitate the sputtering of ions 

from the targets to one of the source substrates 203. 

[0109] By applying power to one or more of the targets, material can be transferred from 

the targets to one of the source substrates 203. For example, applying power to the first target 

504 can form a thin film of molybdenum. Removing power to the first target 504 and 

applying power to the second target 506 can form a thin film of carbon over the film of 

molybdenum. In another example, applying power to both the first target 504 and the second 

target 506 can form a mixture of molybdenum and carbon to be formed on one of the source 

substrates 203. 

[0110] The amount of power applied to the targets can control the rate of formation of the 

material on one of the source substrates 203. By varying the power, such as by applying a 

power waveform, the gradient density of the material can be controlled. 

[0111] Referring now to FIG. 6, therein is shown an example of a discrete power curve 602 

for the physical vapor deposition system 502 of FIG. 5. A first pulse 604 can be applied to the 

first target 504 of FIG. 5 to form a layer of molybdenum on one of the source substrates 203 

of FIG. 2. A second pulse 606 can be applied to the second target 506 of FIG. 5 after the first 

pulse 604 has ended to form a carbon film over the first layer of molybdenum. A third pulse 

608 can be applied to the first target 504 to form the upper amorphous layer 422 of FIG. 4 

over the preventative layer 426 of FIG. 4. 

[0112] Referring now to FIG. 7, therein is shown an example of a merged power curve 702 

for the physical vapor deposition system 502 of FIG. 5. A first pulse 704 can be applied to the 

first target 504 of FIG. 5 to apply a continuous stream of molybdenum for forming the lower 

amorphous layer 424 of FIG. 4 on one of the source substrates 203 of FIG. 2. 

[0113] A second pulse 706 can be applied to the second target 506 in parallel with the first 

pulse 704 to inject carbon atoms into stream of molybdenum to form an atomic mixture of 

carbon and molybdenum on one of the source substrates 203 for forming the preventative 
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layer 426 of FIG. 4. In another example, the power level of the first pulse 704 can be reduced 

during the second pulse 706 to alter the ratio of molybdenum to carbon. 

[0114] After the second pulse 706 has completed, the first pulse 704 can continue to form 

the molybdenum of the upper amorphous layer 422 of FIG. 4 on one of the source substrates 

203. Applying the merged power curve 702 to the physical vapor deposition system can form 

the second reflective layer 314 of FIG. 3 of the multilayer stack 306 of FIG. 3. 

[0115] Referring now to FIG. 8, therein is shown the structure of FIG. 3 in a provisioning 

phase of manufacturing. The provisioning phase can include a method to provide the 

substrate 304. For example, the provisioning phase can provide the substrate 304 formed 

from an ultra-low thermal expansion material. 

[0116] Referring now to FIG. 9, therein is shown the structure of FIG. 8 in a first layering 

phase of manufacturing. The first layering phase can include a method to form the lower 

amorphous layer 424 directly on the substrate 304. For example, the first layering phase can 

use physical vapor deposition to form the lower amorphous layer 424 of amorphous 

molybdenum on the substrate 304. 

[0117] Referring now to FIG. 10, therein is shown the structure of FIG. 9 in a preventative 

phase of manufacturing. The preventative phase can include a method to form the 

preventative layer 426 on the lower amorphous layer 424 over the substrate 304. For 

example, the preventative phase can use physical vapor deposition to deposit the preventative 

layer 426 of carbon on the lower amorphous layer 424. 

[0118] Referring now to FIG. 11, therein is shown the structure of FIG. 10 in a second 

layering phase of manufacturing. The second layering phase can include a method to form the 

upper amorphous layer 422 directly on the preventative layer 426. For example, the second 

layering phase can use physical vapor deposition to form the upper amorphous layer 422 of 

amorphous molybdenum directly on the preventative layer 426. The second reflective layer 

314 includes the upper amorphous layer 422, the lower amorphous layer 424, and the 

preventative layer 426. 

[0119] Referring now to FIG. 12, therein is shown the structure of FIG. 11 in a third 

layering phase of manufacturing. The third layering phase can include a method to form the 

first reflective layer 312 directly on the upper amorphous layer 422 of the second reflective 

layer 314. For example, the third layering phase can use physical vapor deposition to form 

the first reflective layer 312 of silicon directly on the second reflective layer 314. The 

preventative layer 426 can separate the lower amorphous layer 424 and the upper amorphous 
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layer 422. The manufacturing phases of FIGs. 10-12 can be repeated to form as many layers 

as needed to for the multilayer stack 306 of FIG. 3 over the substrate 304. 

[0120] Referring now to FIG. 13, therein is shown the structure of FIG. 12 in a finishing 

phase of manufacturing. The finishing phase can include a method to form the capping layer 

308 on the multilayer stack 306 and the absorber layer 310 directly on the capping layer 308. 

The multilayer stack 306 can include the first reflective layer 312 and the second reflective 

layer 314. The second reflective layer 314 can include the upper amorphous layer 422, the 

lower amorphous layer 424, and the preventative layer 426 all formed over the substrate 304. 

[0121] Referring now to FIG. 14, therein is shown a second example of an ultraviolet 

reflective element 1402. The ultraviolet reflective element 1402 is similar to the ultraviolet 

reflective element 302 of FIG. 3 and uses similar element numbers. The multilayer stack 

1406 can be part of an extreme ultraviolet reflective element 1402, such the mask blank 204 

of FIG. 2 or the extreme ultraviolet mirror 205 of FIG. 2, which are structures for reflecting 

the extreme ultraviolet light 112 of FIG. 1. 

[0122] The ultraviolet reflective element 1402 can have various configurations. For 

example, the extreme ultraviolet mirror 205 can include a substrate 1404, the multilayer stack 

1406, and a capping layer 1408. In another example, the mask blank 204 can include the 

substrate 1404, the multilayer stack 1406, the capping layer 1408, and an absorber layer 

1410. The mask blank 204 can be used to form the reflective mask 106 of FIG. 1 by 

patterning the absorber layer 1410 with the layout of the circuitry required. 

[0123] In the following sections, the term for the mask blank 204 can be used 

interchangeably with the term of the extreme ultraviolet mirror 205 for simplicity. The mask 

blank 204 can include the components of the extreme ultraviolet mirror 205 with the absorber 

layer 1410 added in addition to form the mask pattern 114 of FIG. 1. 

[0124] The mask blank 204 is an optically flat structure used for forming the reflective 

mask 106 having the mask pattern 114. The substrate 1404 is a structural element for 

supporting the extreme ultraviolet reflective element 1402. 

[0125] The absorber layer 1410 is a layer that can absorb the extreme ultraviolet light 112. 

The absorber layer 1410 can be used to form the pattern on the reflective mask 106 by 

providing areas that do not reflect the extreme ultraviolet light 112. 

[0126] The capping layer 1408 is a protective layer transparent to the extreme ultraviolet 

light 112. The capping layer 1408 can be formed directly on the multilayer stack 1406. The 

capping layer 1408 can protect the multilayer stack 1406 from contaminants and mechanical 
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damage. The capping layer can be formed from a variety of materials. For example, the 

capping layer 1408 can be formed from ruthenium, or other hard protective materials. 

[0127] The multilayer stack 1406 is a structure that is reflective to the extreme ultraviolet 

light 112. The multilayer stack 1406 can include alternating reflective layers of a first 

reflective layer 1412 and a second reflective layer 1414. 

[0128] The first reflective layer 1412 and the second reflective layer 1414 can be formed 

from different materials. For example, the first reflective layer 1414 can be silicon, while the 

second reflective layer 1414 can be molybdenum, or vice versa. Although molybdenum and 

silicon are used in this example, it is understood that other materials can be used to form the 

reflective layers. 

[0129] The first reflective layer 1412 and the second reflective layer 1414 can form a 

reflective pair 316 of FIG. 3. The multilayer stack 1406 can include between 20-60 of the 

reflective pairs 316 for a total of up to 120 reflective layers. However, it is understood that 

more or fewer layers can be used as needed. 

[0130] The multilayer stack 1406 can include a barrier layer 1418 between different layers 

of the multilayer stack 1406. The barrier layer 1418 is a layer of material to control the 

physical and optical properties of the multilayer stack 1406. For example, the barrier layer 

1418 can be a diffusion barrier layer to prevent the diffusion of materials into an adjacent 

material layer. In another example, the barrier layer 1418 can be used to control the 

roughness between layers to reduce scattering of the extreme ultraviolet light 112. 

[0131] The barrier layer 1418 can be formed between different layers of the multilayer 

stack 1406. For example, the barrier layer 1418 can be formed between the substrate 1404 

and the first reflective layer 1412, between the first reflective layer 1412 and the second 

reflective layer 1414, between the second reflective layer 1414 and the first reflective layer 

1412 of the next reflective pair 316, or between the one of the reflective layers and the 

absorber or capping layers. In another example, each of the reflective pairs 316 can be 

configured with one, two, or three of the barrier layer 1418. 

[0132] The barrier layer 1418 can be formed from a variety of materials. For example, the 

barrier layer 1418 can be formed with boron, carbon, nitrogen, oxygen, fluorine, sulphur, 

phosphorous, or a combination thereof. 

[0133] The barrier layer 1418 can be formed with a variety of thicknesses. For example, 

the barrier layer 1418 can have a thickness of 1 Angstrom, one or two atomic monolayers, or 

a thickness sufficient to prevent diffusion. The thickness of the barrier layer 1418 can be 

phase matched such that the reflective pair 316 has a centroid wavelength at 13.5 nm. 
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[0134] The barrier layer 1418 can be formed at one or both of the interfaces between 

molybdenum and silicon. A molybdenum on silicon interface is defined as the boundary 

formed when silicon is deposited on molybdenum. A silicon on molybdenum interface is 

defined as the boundary formed when molybdenum is deposited on silicon. 

[0135] At the molybdenum on silicon interface, the molybdenum can be deposited on an 

amorphous silicon layer. This results in a higher level of diffusion between the two layers 

and a thicker layer of molybdenum silicide. 

[0136] At the silicon on molybdenum interface, the silicon can be deposited on the 

polycrystalline molybdenum layer, so there is less diffusion of the silicon into the 

molybdenum. This results in a thinner layer of molybdenum silicide having a lower density. 

[0137] The thickness of the molybdenum silicide can reduce the reflectivity of the interface. 

A thicker layer of the molybdenum silicide can reduce the reflectivity of the reflective pair 

316 more than a thinner layer. The thicker layer of molybdenum silicide reduces reflectivity 

because the anti-node of the electromagnetic wave of the extreme ultraviolet light 112 having 

a wavelength of 13.5 nm sits on the thicker layer of the molybdenum silicide. 

[0138] It has been discovered that forming the barrier layer 1418 on the silicon on 

molybdenum interface reduces the thickness of the molybdenum silicide layer and limits the 

reduction in reflectivity caused by the molybdenum silicide. Forming the barrier layer 1418 

only at the silicon on molybdenum interface reduces the formation of the molybdenum 

silicide. 

[0139] It has been discovered that forming only one barrier layer 1418 can enhance 

reflectivity by reducing the impact of the opacity of the barrier layer 1418. If the barrier layer 

1418 has a low degree of opacity, then two of the barrier layer 1418 can be formed. 

[0140] The barrier layer 1418 can provide a protective effect when formed between 

molybdenum and silicon layers, such as between the first reflective layer 1412 and the second 

reflective layer 1414. For example the material of the barrier layer 1418 can react with the 

molybdenum and silicon to form an ultrathin compound that would act as a diffusion barrier. 

In another example, the material of the barrier layer 1418 can consume the vacancies and 

interstitials in the molybdenum and silicon to reduce the interdiffusion thickness. 

[0141] It has been discovered that forming the barrier layer 1418 between the molybdenum 

and the silicon layers of the multilayer stack 1406 reduces the formation of silicide and 

prevents a reduction in reflectivity due to the silicide. 

[0142] The barrier layer 1418 can be formed in a variety of ways. For example, during the 

deposition process, typical depositions times for molybdenum and silicon can be around 30 
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and 50 seconds, respectively. The barrier layer material can be introduced in gaseous form 

during the last or first few seconds of the molybdenum or silicon deposition phases. In this 

case the barrier layer 1418 can be a mixture of the molybdenum or silicon and the barrier 

material. 

[0143] The rate of diffusion of the barrier layer material can vary by the type of material. 

For example, the rate of diffusion can be based on the diffusion coefficient for each material 

at different temperatures. An example of the diffusion coefficients for silicon for different 

temperatures is shown in Table 1. 

Diffusion coefficient in Si (cm2/s) 

1002C - 1.5 x 10 13 

902C - 1.9 x 10 14  
852C - 1.3 x 10-15 

540C - 	1.7 x 10-15  

Boron 560C - 2.2 x 10-15  
590C - 3.2 x 10-15  
600C - 2.1 x 10 15  
610C - 4.8 x 10-15  
660C - 6.9 x 10 15  
750C - 9.8 x 10-15  
62C - 2.9 x 10 14  

Carbon 42C - 4.6 x 10-15  
32C - 	1.7 x 10-15 

27C - 8.0 x 10-16  
800C - 1 x 10-10  
1000C - 2 x 10-8  

Nitrogen 1000C - 3 x 10-8  
1100C- 2 x 10-7  
1100C- 1 x 10-7  
1200C - 3 x 10-7 

300C - 	1.4 x 10-21  
650C - 	1.4 x 10-14  
700C - 6.9 x 10 14 

Oxygen 750C - 	1.3 x 10-13  
800C - 2.1 x 10 13 

900C - 1.7 x 10 12  
1000C - 1.2 x 1041  
1190C - 3.1 x 10-8  

Sulphur 1159C - 2.2 x 10-8  
1107C - 1.2 x 10-8  
1055C - 7.1 x 10-9  
1210C - 9.0 x 10-12  

Phosphorus 1165C - 3.1 x 10-12  
1105C - 1.4 x 10-12  
1015C - 2.0 x 10 13  

Table 1 Diffusion Coefficients 
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[0144] The barrier material can be introduced during the beginning or end of the deposition 

phase for the molybdenum or silicon for different durations. For example, the barrier 

material can be applied for between 5 and 20 seconds. 

[0145] In an alternate example, the barrier layer material can be introduced after the end of 

the molybdenum or silicon deposition phases. This can form the barrier layer 1418 having a 

higher purity of the barrier material. 

[0146] The barrier layer 1418 can be formed during the last few second of the molybdenum 

deposition to form a layer of the barrier material directly on the molybdenum layer to 

suppress the crystallization of the molybdenum. This can leave the molybdenum in an 

amorphous state resulting in increased reflectivity of the reflective pair 316. 

[0147] The molybdenum layer, such as the first reflective layer 1412 or the second 

reflective layer 1414, can be formed from amorphous molybdenum by forming a preventative 

layer 1426 on the molybdenum layer before the layer thickness a level where the 

crystallization of the molybdenum occurs. For example, depending on configuration and 

environmental factors, the preventative layer 1426 can be formed when the molybdenum 

layer is between 2 nm and 2.8 nm. 

[0148] For example, the molybdenum layer can include a lower amorphous layer 1424 and 

an upper amorphous layer 1422 separated by the preventative layer 1426. It is understood 

that other configuration can existing including configuration with additional amorphous 

layers. In another example, the lower amorphous layer 1424 and the upper amorphous layer 

1422 can be formed from amorphous molybdenum. 

[0149] The preventative layer 1426 can be formed from a variety of materials. For 

example, the preventative layer 1426 can be formed from boron, carbon, nitrogen, oxygen, 

fluorine, sulphur, silicon, chlorine, phosphorous, or a combination thereof. The preventative 

layer 1426 can have a thickness on the order of one or two monolayers to disrupt the 

crystallization of the molybdenum material. When the molybdenum is deposited in the 

amorphous form, the barrier layer 1418 can be formed on a side to prevent or reduce the 

formation of thicker molybdenum silicides. 

[0150] It has been discovered that using the preventative layer 1426 to preserve the 

amorphous nature of the molybdenum layer lowers the roughness and result in enhanced 

reflectivity. The amorphous molybdenum limits the effect of polycrystalline grain size and 

orientation issues in the molybdenum. 

[0151] The interface roughness between the molybdenum and silicon layers, such as the 

first reflective layer 1412 and the second reflective layer 1414, can impact the reflectivity of 
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the multilayer stack 1406. This can be a result of diffuse scattering across the reflective pair 

316. One of the sources of interface roughness is the polycrystallinity of the molybdenum 

layer. Reducing the diversity of the random grain size and orientation of the molybdenum 

layer creates a rough starting surface for the silicon deposition. 

[0152] The capping layer 1408 can increase the reflectivity of the extreme ultraviolet 

reflective element 1402 by protecting the surface of the multilayer stack 1406. For example, 

the capping layer 1408 improves reflectivity by preventing damage to the surface of the 

multilayer stack 1406 that would degrade the optical performance of the multilayer stack 

1406. The capping layer 1408 can prevent damage to the multilayer stack 1406 during 

manufacturing and cleaning operations. The capping layer 1408 can be formed directly on the 

multilayer stack 1406 or directly on the barrier layer 1418. 

[0153] In an illustrative example, the multilayer stack 1406 can have a reflectivity of greater 

than 60% for extreme ultraviolet light. The multilayer stack 1406 formed using physical 

vapor deposition can have reflectivity between than 66%-67%. Forming the capping layer 

1408 over the multilayer stack 1406 formed with harder materials can improve reflectivity. In 

some cases, reflectivity up to 72% can be achieved using low roughness layers, clean 

interfaces between layers, improved layer materials, or a combination thereof 

[0154] The reflectivity of the extreme ultraviolet reflective element 1402, such as the mask 

blank 204 and the extreme ultraviolet mirror 205, can be partially determined by the 

sharpness of the interface between the layers and the roughness of layers. Changing the 

material used to form the multilayer stack 1406 or the barrier layer 1418 can improve 

interface sharpness and layer roughness and thus increase the multilayer reflectivity. 

[0155] Because most materials absorb light at extreme ultraviolet wavelengths, the optical 

elements used must be reflective instead of the transmissive as used in other lithography 

systems. The multilayer stack 1406 forms a reflective structure by having alternating thin 

layers of materials with different optical properties to create a Bragg reflector or mirror. 

[0156] Each of the alternating layers can have dissimilar optical constants for the extreme 

ultraviolet light 112. The alternating layers can provide a resonant reflectivity when the 

period of the thickness of the reflective pair 316 is approximately half the wavelength of the 

extreme ultraviolet light 112. For example, for the extreme ultraviolet light 112 at a 

wavelength of 13 nm, the reflective pair 316 can be about 6.5 nm thick. 

[0157] The multilayer stack 1406 can be formed in a variety of ways. For example, the first 

reflective layer 1412, the second reflective layer 1414, and the barrier layer 1418 can be 
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formed with magnetron sputtering, ion sputtering systems, pulsed laser deposition, cathode 

arc deposition, or a combination thereof 

[0158] In an illustrative example, the multilayer stack 1406 can be formed using a physical 

vapor deposition technique, such as magnetron sputtering. The first reflective layer 1412, the 

second reflective layer 1414, and the barrier layer 1418 of the multilayer stack 1406 can have 

the characteristics of being formed by the magnetron sputtering technique including precise 

thickness, low roughness, and clean interfaces between the layers. 

[0159] The physical dimensions of the layers of the multilayer stack 1406 formed using the 

physical vapor deposition technique can be precisely controlled to increase reflectivity. 

However, it is understood that the thickness of the first reflective layer 1412 and the second 

reflective layer 1414 can vary based on engineering needs, the wavelength of the extreme 

ultraviolet light 112, and the optical properties of the other layer materials. 

[0160] Referring now to FIG. 15, therein is shown a flow chart of a method 1500 of 

manufacture of the extreme ultraviolet reflective element in a further embodiment of the 

present invention. The method 1500 includes: providing a substrate in a block 1502; forming 

a multilayer stack on the substrate, the multilayer stack includes a plurality of reflective layer 

pairs having a first reflective layer formed from silicon and a second reflective layer formed 

from molybdenum in a block 1504; forming a barrier layer between the first reflective layer 

and the second reflective layer, the barrier layer formed from boron, carbon, nitrogen, 

oxygen, fluorine, sulphur, phosphorous, or a combination thereof in a block 1506; and 

forming a capping layer on and over the multilayer stack for protecting the multilayer stack 

by reducing oxidation and mechanical erosion in a block 1508. 

[0161] Thus, it has been discovered that the extreme ultraviolet reflective element system of 

the present invention furnishes important and heretofore unknown and unavailable solutions, 

capabilities, and functional aspects for a reflective element system. The resulting method, 

process, apparatus, device, product, and/or system is straightforward, cost-effective, 

uncomplicated, highly versatile and effective, can be surprisingly and unobviously 

implemented by adapting known technologies, and are thus readily suited for efficiently and 

economically manufacturing mask blank systems fully compatible with conventional 

manufacturing methods or processes and technologies. 

[0162] Another important aspect of the embodiments of the present invention is that they 

valuably supports and services the historical trend of reducing costs, simplifying 

manufacturing, and increasing performance. These and other valuable aspects of the 
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embodiments of the present invention consequently further the state of the technology to at 

least the next level. 

[0163] While the invention has been described in conjunction with a specific best mode, it 

is to be understood that many alternatives, modifications, and variations will be apparent to 

those skilled in the art in light of the aforegoing description. Accordingly, it is intended to 

embrace all such alternatives, modifications, and variations that fall within the scope of the 

included claims. All matters hithertofore set forth herein or shown in the accompanying 

drawings are to be interpreted in an illustrative and non-limiting sense. 

[0164] The embodiments of the present invention include a method of manufacture for an 

extreme ultraviolet reflective element comprising: providing a substrate; forming a multilayer 

stack on the substrate, the multilayer stack includes a plurality of reflective layer pairs having 

a first reflective layer formed from silicon and a second reflective layer having a preventative 

layer separating a lower amorphous layer and an upper amorphous layer; and forming a 

capping layer on and over the multilayer stack for protecting the multilayer stack by reducing 

oxidation and mechanical erosion. 

[0165] The embodiments of the present invention include an extreme ultraviolet reflective 

element comprising: a substrate; a multilayer stack on the substrate, the multilayer stack 

includes a plurality of reflective layer pairs having a first reflective layer formed from silicon 

and a second reflective layer having a preventative layer separating a lower amorphous layer 

and an upper amorphous layer; and a capping layer on and over the multilayer stack for 

protecting the multilayer stack by reducing oxidation and mechanical erosion. 

[0166] The embodiments of the present invention include an extreme ultraviolet reflective 

element production system comprising: a first deposition system for depositing a multilayer 

stack on a substrate, the multilayer stack including a plurality of reflective layer pairs having 

a first reflective layer formed from silicon and a second reflective layer having a preventative 

layer separating a lower amorphous layer and an upper amorphous layer; and a second 

deposition system for forming a capping layer on the multilayer stack for protecting the 

multilayer stack by reducing oxidation and mechanical erosion. 
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CLAIMS 

1. A method of manufacture for an extreme ultraviolet reflective element comprising: 

providing a substrate; forming a multilayer stack on the substrate, the multilayer stack 

includes a plurality of reflective layer pairs having a first reflective layer formed from silicon 

and a second reflective layer having a preventative layer separating a lower amorphous 

molybdenum layer and an upper amorphous molybdenum layer; and forming a capping layer 

on and over the multilayer stack for protecting the multilayer stack by reducing oxidation and 

mechanical erosion. 

2. The method as claimed in claim 1, wherein forming the multilayer stack includes forming 

the second reflective layer having the lower amorphous molybdenum layer having a thickness 

of less than 2.5 nanometers and the upper amorphous molybdenum layer having a thickness 

of less than 2.5 nanometers. 

3. The method as claimed in claim 1, wherein forming the multilayer stack includes forming 

the preventative layer between the lower amorphous molybdenum layer and the upper 

amorphous molybdenum layer for preventing crystallization of the lower amorphous 

molybdenum layer and the upper amorphous molybdenum layer. 

4. The method as claimed in claim 1, wherein forming the multilayer stack includes forming 

the preventative layer formed from carbon, ruthenium, niobium, nitrogen, molybdenum 

carbide, ruthenium molybdenum, boron, or boron carbide. 

5. The method as claimed in claim 1, wherein forming the multilayer stack includes forming 

the preventative layer by injecting carbon into a continuous stream of molybdenum to form 

an atomic mixture of carbon and molybdenum on the lower amorphous molybdenum layer. 

6. The method as claimed in claim 1, wherein forming the multilayer stack includes forming 

the preventative layer directly on the lower amorphous molybdenum layer and forming the 

upper amorphous molybdenum layer directly on the preventative layer. 

7. The method as claimed in claim 1, wherein forming the multilayer stack includes forming 

between 20 and 60 of the reflective layer pairs. 
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8. An extreme ultraviolet reflective element comprising: a substrate; a multilayer stack on the 

substrate, the multilayer stack includes a plurality of reflective layer pairs having a first 

reflective layer formed from silicon and a second reflective layer having a preventative layer 

separating a lower amorphous molybdenum layer and an upper amorphous molybdenum 

layer; and a capping layer on and over the multilayer stack for protecting the multilayer stack 

by reducing oxidation and mechanical erosion. 

9. The extreme ultraviolet reflective element as claimed in claim 8, wherein the second 

reflective layer includes the lower amorphous molybdenum layer having a thickness of less 

than 2.5 nanometers and the upper amorphous molybdenum layer having a thickness of less 

than 2.5 nanometers. 

10. The extreme ultraviolet reflective element as claimed in claim 8, wherein the multilayer 

stack includes the preventative layer between the lower amorphous molybdenum layer and 

the upper amorphous molybdenum layer for preventing crystallization of the lower 

amorphous molybdenum layer and the upper amorphous molybdenum layer. 

11. The extreme ultraviolet reflective element as claimed in claim 8, wherein the multilayer 

stack includes the preventative layer formed from carbon, ruthenium, niobium, nitrogen, 

molybdenum carbide, ruthenium molybdenum, boron, or boron carbide. 

12. The extreme ultraviolet reflective element as claimed in claim 8, wherein the multilayer 

stack includes the preventative layer formed from an atomic mixture of carbon and 

molybdenum on the lower amorphous molybdenum layer. 

13. The extreme ultraviolet reflective element as claimed in claim 8, wherein the multilayer 

stack includes the preventative layer directly on the lower amorphous molybdenum layer and 

the upper amorphous molybdenum layer directly on the preventative layer. 

14. The extreme ultraviolet reflective element as claimed in claim 8, wherein the multilayer 

stack includes between 20 and 60 of the reflective layer pairs. 

15. An extreme ultraviolet reflective element lithography system comprising: an extreme 
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ultraviolet light source which produces extreme ultraviolet light; a reflective element that can 

reflect the extreme ultraviolet light, the reflective element including a multilayer stack on a 

substrate, the multilayer stack including a plurality of reflective layer pairs having a first 

reflective layer formed from silicon and a second reflective layer having a preventative layer 

separating a lower amorphous molybdenum layer and an upper amorphous molybdenum 

layer; and a second deposition system for forming a capping layer on the multilayer stack for 

protecting the multilayer stack by reducing oxidation and mechanical erosion. 

16. The system as claimed in claim 15, wherein the lower amorphous molybdenum layer has 

a thickness of less than 2.5 nanometers and the upper amorphous molybdenum layer has a 

thickness of less than 2.5 nanometers. 

17. The system as claimed in claim 15, wherein the preventative layer between the lower 

amorphous molybdenum layer and the upper amorphous molybdenum layer prevents 

crystallization of the lower amorphous molybdenum layer and the upper amorphous 

molybdenum layer. 

18. The system as claimed in claim 15, the preventative layer is selected from carbon, 

ruthenium, niobium, nitrogen, molybdenum carbide, ruthenium molybdenum, boron, or 

boron carbide. 

19. The system as claimed in claim 15, the preventative layer comprising a mixture of carbon 

and molybdenum. 

20. The system as claimed in claim 15, the preventative layer directly on the lower 

amorphous molybdenum layer and the upper amorphous molybdenum layer directly on the 

preventative layer. 
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