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METHODS OF PROVIDING THIN LAYERS OF CRYSTALLINE SEMICONDUCTOR 
MATERIAL, AND RELATED STRUCTURES AND DEVICES 

TECHNICAL FIELD 

[0001] The present disclosure relates to methods of providing a thin layer of 

semiconductor material on a recipient structure in processes employed in semiconductor device 

fabrication, and to structures and devices fabricated using such methods. 

BACKGROUND 

[0002] In semiconductor device fabrication processes, thin layers of semiconductor 

material are provided on recipient structures for various purposes including, for example, fabrication 

of semiconductor-on-insulator (SeOl) type substrates, and to vertically stack semiconductor 

materials and devices in so-called "three-dimensional (3D) integration" processes. 

[0003] In such processes, it may be desirable to provide a layer of semiconductor material 

on a recipient structure that has an average layer thickness as small as several hundred nanometers 
or less, and even one hundred nanometers (100 nm) or less in some applications. Also, it is 

desirable that the layer of semiconductor material have a uniform thickness (e.g., a non-uniformity 

being less than 5% of a thickness of the layer of semiconductor material. Additionally, it may be 

desirable that the layer of semiconductor material be extremely smooth. For example, it may be 

desirable to form the layer of semiconductor material such that the exposed major surface of the 

layer of semiconductor material has a surface roughness (Ra) as low as five nanometers (5 nm) or 

less. 

[0004] Various methods of providing such thin and smooth layers of semiconductor 

material on recipient structures have been proposed in the art. There remains a need in the art, 
J 

however, for improved methods that enable a thin, uniform and smooth layer of semiconductor 

material to be provided on a recipient structure. 

BRIEF SUMMARY 

[0005] This summary is provided to introduce a selection of concepts in a simplified 

form. These concepts are described in further detail in the detailed description of example 

embodiments of the disclosure below. This summary is not intended to identify key features or 
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essential features of the claimed subject matter, nor is it intended to be used to limit the scope of the 

claimed subject matter. 

[0006] In some embodiments, the present disclosure includes methods of fabricating 

semiconductor devices. In accordance with such methods, a layer of crystalline silicon is provided 

on a recipient structure, a metal silicide is formed in a portion of the crystalline silicon adjacent an 

exposed major surface of the layer of crystalline silicon, and the metal silicide is etched using an 

etchant selective to the metal silicide relative to the crystalline silicon. 

[0007] In additional embodiments, the present disclosure includes methods of forming 

silicon-on-insulator (SOI) substrates. In such methods, a layer of crystalline silicon may be 

provided over a base substrate with a dielectric material between the layer of crystalline silicone and 

the base substrate, and the layer of crystalline silicon may be thinned to a thickness of about 500 nm 

or less. To thin the layer of crystalline silicon, a generally planar metal silicide layer is formed in a 

portion of the layer of crystalline silicon adjacent an exposed major surface of the layer of 

crystalline silicon, and the metal silicide layer is etched using an etchant selective to the metal 

silicide layer relative to the crystalline silicon. 

[0008] Yet further embodiments of the disclosure include semiconductor structures and 

devices fabricated using such methods. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] While the specification concludes with claims particularly pointing out and 

distinctly claiming what are regarded as embodiments of the invention, the advantages of 

embodiments'of the disclosure may be more readily ascertained from the description of certain 

examples of embodiments of the disclosure when read in conjunction with the accompanying 

drawings, in which: 

[0010] FIGS. 1 through 4 illustrate example embodiments of methods that may be used to 

thin a layer of crystalline silicon in the fabrication of semiconductor devices; 

[0011] FIG. 1 is a simplified cross-sectional view of a layer of crystalline silicon on a 

substrate with a dielectric material between the layer of crystalline silicon and the substrate; 

[0012] FIG. 2 is a simplified cross-sectional view illustrating the structure of FIG. 1 after 

smoothing an exposed major surface of the layer of crystalline silicon; 
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[0013] FIG. 3 is a simplified cross-sectional view illustrating the structure of FIG. 2 after 

forming a metal silicide material in a portion of the layer of crystalline silicon; 

[0014] FIG. 4 is a simplified cross-sectional view illustrating a remaining portion of the 

crystalline silicon after removal of the metal silicide material shown in FIG. 3; 

[0015] FIG. 5 is a simplified cross-sectional view illustrating active device structures that 

may be fabricated in and/or on the thinned layer of crystalline silicon of FIG. 4; 

[0016] FIG. 6 is a simplified cross-sectional view illustrating yet further layers of active 

device structures formed over the structure of FIG, 5 in a 3D integration process; 

[00171 FIG. 7 is a cross-sectional view like that of FIG. 2 and illustrates metal ions being 

implanted into the layer of crystalline silicon to illustrate one embodiment of a method that may be 

used to form the metal silicide material in the portion of the layer of crystalline silicon as shown in 

FIG. 3; 

[0018] FIG. 8 is a cross-sectional view like that of FIG. 2 and illustrates a metal layer 

deposited over the layer of crystalline silicon prior to an annealing process to illustrate another 

embodiment of a method that may be used to form the metal silicide material in the portion of the 
layer of crystalline silicon as shown in FIG. 3; 

[0019] FIGS. 9 and 10 illustrate an example embodiment of a method that may be used to 

provide the structure shown in FIG. 1, which includes a layer of crystalline silicon over a substrate; 

[0020] FIG. 9 is a simplified cross-sectional view illustrating ions being implanted into a 

donor structure comprising bulk crystalline silicon to define a weakened ion implant plane therein; 

[0021] FIG. 10 illustrates the donor structure of FIG. 9 bonded to a recipient structure 

comprising the substrate of FIG. 1; 

[0022] FIGS. 11 through 15 illustrate additional example embodiments of methods 

similar to those described with reference to FIGS. 1 through 10, but wherein the layer of crystalline 

silicon includes previously fabricated active device structures therein; 

[0023] FIG. 11 is a simplified cross-sectional view of a layer of crystalline silicon on a 

substrate with a dielectric material between the semiconductor material and the substrate, the layer 

of crystalline silicon including at least partially formed active device structure therein; 

[0024] FIG. 12 is a simplified cross-sectional view illustrating the structure of FIG. 11 

after smoothing an exposed major surface of the layer of crystalline silicon; 
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[0025] FIG. 13 is a simplified cross-sectional view illustrating the structure of FIG. 12 

after forming a metal silicide material in a portion of the layer of crystalline silicon; 

[0026] FIG. 14 is a simplified cross-sectional view illustrating a remaining portion of the 

crystalline silicon after removal of the metal silicide material shown in FIG. 13; and 

[0027] FIG. 15 is a simplified cross-sectional view illustrating yet further layers of active 

device structures formed over the structure of FIG. 14 in a 3D integration process. 

DETAILED DESCRIPTION 

[0028] The illustrations presented herein are not meant to be actual views of any 

particular semiconductor material, structure, device, or method, but are merely idealized 

representations that are used to describe embodiments of the disclosure. 

[0029] Any headings used herein should not be considered to limit the scope of 

embodiments of the invention as defined by the claims below and their legal equivalents. Concepts 

described in any specific heading are generally applicable in other sections throughout the entire 

specification. 

[0030] A number of references are cited herein, none of the cited references, regardless of 

how characterized herein, is admitted as prior art relative to the invention of the subject matter 

claimed herein. 

[0031] As used herein, the term "III-V semiconductor material" means and includes any 

semiconductor material that is at least predominantly comprised of one or more elements from 

group IIIA of the periodic table (B, Al, Ga, In, and Ti) and one or more elements from group VA of 

the periodic table (N, P, As, Sb, and Bi). For example, III-V semiconductor materials include, but 

are not limited to, GaN, GaP, GaAs, InN, InP, InAs, A1N, A1P, AlAs, InGaN, InGaP, GalnN, 

InGaNP, GalnNAs, etc. 

[0032] Embodiments of methods disclosed herein may be employed to thin a layer of 

material in the fabrication of semiconductor device to provide a layer of crystalline silicon having a 

selected, desirable average layer thickness. 

[0033] FIG. 1 illustrates a semiconductor structure 100 that includes a layer of crystalline 

silicon 102 comprising a crystalline silicon, a substrate 104, and an intermediate layer 106 between 

the layer of crystalline silicon 102 and the substrate 104. In this configuration, the semiconductor 
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structure 100 may comprise a silicon-on-insulator (SOI) type substrate. The substrate 104 may 

comprise a recipient structure on which the layer of crystalline silicon 102 is provided. 

[0034] The layer of crystalline silicon 102 comprises crystalline silicon. In some 

embodiments, the layer of crystalline silicon 102 may comprise a single crystal of silicon. In other 

words, the crystalline silicon may comprise monocrystalline silicon. A portion of the layer of 

crystalline silicon 102 may be designated as'an "active" portion, on and/or in which active device 

structures are to be fabricated (or have already been fabricated), and another portion of the layer of 

crystalline silicon 102 may comprise a sacrificial portion that is not intended to include such active 

devices structures. For example, the portion of the layer of crystalline silicon 102 below the plane 

109 (from the perspective of FIG. 1) may comprise an active portion of the layer of crystalline 

silicon 102, and the portion of the layer of crystalline silicon 102 above the plane 109 (from the 

perspective of FIG. 1) may comprise a sacrificial portion of the layer of crystalline silicon 102. 

[0035] The substrate 104 over which the layer of crystalline silicon 102 is disposed may 

comprise a semiconductor material (e.g., silicon, germanium, a III-V semiconductor material, etc.), 

a ceramic material, such as an oxide (e.g., aluminum oxide, silicon oxide zirconium oxide, etc.), a 

nitride (e.g., silicon nitride), or a carbide (e.g., silicon carbide). In additional embodiments, the 

substrate 104 may comprise a metal substrate. For example, the substrate 104 may comprise one or 

more metals or metal alloys such as copper, molybdenum, or stainless steel. In additional 

embodiments, the substrate 104 may comprise a graphene substrate or a diamond substrate. In 

some embodiments, the substrate 104 may comprise a multilayer substrate (e.g., a semiconductor-

on-insulator (SeOI) type substrate, such as a silicon-on-insulator (SOI) substrate or a germanium-

on-insulator (GeOI) substrate). Other suitable substrates are known in the art and may be employed 

in embodiments of the present disclosure. In some embodiments, the substrate 104 may comprise 

an at least partially fabricated semiconductor device (e.g., a die or wafer), and may include one or 

more integrated circuits (e.g., and electronic signal processor circuit, a memory device circuit, etc.). 
! 

By way of example and not limitation, the substrate 104 may be thicker than the layer of crystalline 

silicon 102, and may have an average layer thickness of, for example, about one micron (1 (jm) or 

more, about ten microns (10 |im) or more, or even about one hundred microns (100 (am) or more. 

[0036] The intermediate layer 106 may comprise, for example, an oxide such as silicon 

oxide (Si02). In such embodiments, the intermediate layer 106 may comprise what are often 

referred to in the art as "buried oxide" layers. Other suitable dielectric materials that may be 
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employed in the intermediate layer 106 include nitrides (e.g., silicon nitride (Si3N4)) and oxynitrides 

(e.g., silicon oxynitride (SiOxNy)). In some embodiments, the intermediate layer 106 may comprise 

a bonding layer used to bond the layer of crystalline silicon 102 to the substrate 104. In such 

embodiments, the intermediate layer 106 may comprise a dielectric material, such as those 

mentioned above, a metal layer (e.g., a layer of copper, silver, aluminum, titanium, tungsten, etc.), 

or a layer of semiconductor material different from that of the layer of crystalline silicon 102. The 

intermediate layer 106 may comprise a continuous layer of material blanket deposited over one or 

both of the substrate 104 and the layer of crystalline silicon 102. In other embodiments, the 

intermediate layer 106 may not be continuous, and may be patterned so as to include recesses 

therein or apertures therethrough at various locations across the intermediate la'yer 106. 

[0037] By way of example and not limitation, the intermediate layer 106 may be thinner 

than the layer of crystalline silicon 102, and have an average layer thickness of, for example, about 

one hundred nanometers (100 nm) or less, about fifty nanometers (50 nm) or less, or even about ten 

nanometers (10 nm) or less. 

[0038] In accordance with embodiments of the disclosure, the layer of crystalline silicon 

102 may be thinned to have a selected final thickness as discussed in further detail below. In some 

embodiments, an exposed surface 103 of the layer of crystalline silicon 102 may be relatively rough 

(as shown in an exaggerated manner in FIG. 1). Thus, prior to thinning the layer of crystalline 

silicon 102, the exposed major surface 103 of the layer of crystalline silicon 102 optionally may be 

smoothed as shown in FIG. 2 prior to thinning the layer of crystalline silicon 102. The exposed 

major surface 103 may be smoothed using, for example, one or more of a mechanical grinding or 

polishing process, a chemical etching process, a chemical-mechanical polishing (CMP) process, or 

an ion trimming process (e.g., using a cluster ion beam). 

[0039] In some embodiments, the layer of crystalline silicon 102 may have an initial 

average layer thickness Ti prior to thinning (as described below), which may be about five hundred 

nanometers (500 nm) or less, about two hundred nanometers (200 nm) or less, or even about one 

hundred nanometers (100 nm) or less 

[0040] In accordance with embodiments of the disclosure, the layer of crystalline silicon 

102 may be thinned from the initial average layer thickness Ti (FIG. 2) to a final average layer 

thickness TF (FIG. 4) by forming a metal silicide material in a portion 102 LI of the layer of 

crystalline silicon 102, and then removing the metal silicide material from the layer of crystalline 
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silicon 102. For example, referring to FIG. 3, a portion 102 • of the crystalline silicon adjacent an 

exposed major surface 103 of the layer of crystalline silicon 102 may be converted to metal silicide 

112 (represented in FIG. 3 by stippling) to form the semiconductor structure 110. The metal silicide 

112 may comprise a layer of metal silicide 112 having an average layer thickness of from about two 

nanometers (2 nm) to about ninety nanometers (90 nm). More particularly, the layer of metal 

silicide 112 may have an average layer thickness of from about five nanometers (5 nm) to about 

seventy nanometers (70 nm). More particularly still, the layer of metal silicide 112 may have an 

average layer thickness of from about ten nanometers (10 nm) to about fifty nanometers (50 nm). 

[0041] Examples of methods that may be employed to form the layer of metal silicide 112 

are described below with reference to FIGS. 7 and 8. In general, metal ions may be introduced into 

the layer of crystalline silicon, where the metal ions may react with silicon ions to form the metal 

silicide 112 compound. 

[0042] Referring to FIG. 7, in some embodiments, metal ions may be implanted into the 

portion 102D of the layer of crystalline silicon 102 through the major surface 103 as represented by 

the directional arrows 108 to convert the crystalline silicon in the portion 102D into a metal silicide 

112. The energy of the metal ions may be selectively tailored such that the metal ions are implanted 

up to a selected depth D into the layer of crystalline silicon 102 from the major surface 103. The 

depth D may be selected to be located above, but proximate to, a boundary of an intended active 

layer within the crystalline silicon of the layer of crystalline silicon 102. Further, the energy of the 

implanted metal ions, as well as the dose of implanted metal ions to which the portion 102 • of the 

layer of crystalline silicon 102 is subjected, may be selected to reduce or minimize the so called 

"end-of range" or "EOR" defects in the layer of crystalline silicon 102. Thus, a layer of metal 

silicide 112 having a selected layer thickness that is less than the initial layer thickness T( (FIG. 2) 

of the layer of crystalline silicon 102 may be formed within the layer of crystalline silicon 102 

adjacent the major surface 103 thereof. 

[0043] The metal ions implanted into the layer of crystalline silicon 102 may comprise 

elemental metal ions. Such elemental metal ions may comprise elements that, together with the 

silicon atoms in the layer of crystalline silicon 102, will form the metal silicide 112. For example, if 

the metal silicide 112 is to comprise nickel silicide (e.g., Ni2Si), the metal ions may comprise nickel 

ions. If the metal silicide 112 is to comprise titanium silicide (e.g., TiSi2), the metal ions may 

comprise titanium ions. If the metal silicide 112 is to comprise tungsten silicide (e.g., \VSi2), the 
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metal ions may comprise tungsten ions. As yet another example, if the metal silicide 112 is to 

comprise cobalt silicide (e.g., CoSi2), the metal ions may comprise cobalt ions. The metal silicide 

112 may form upon implantation of the metal ions into the layer of crystalline silicon 102 without 

requiring further processing to form the metal silicide 112. In other embodiments, after implanting 

the metal ions into the portion 102D of the layer of semiconductor material 102, the structure may 

be subjected to an annealing process (e.g., elevated temperatures) to form the metal silicide 112. 

[0044] Referring to FIG. 8, in additional embodiments, the metal silicide 112 may be 

formed in the portion 102D of the layer of crystalline silicon 102 by depositing a layer of metal 114 

over the layer of crystalline silicon 102 to form the structure 116, and subsequently annealing the 

structure 116 at elevated temperatures so as to allow the metal elements or elements of the metal 

114 to diffuse into the layer of crystalline silicon 102 and form the metal silicide 112 (FIG. 3). 

[0045] For example, the layer of metal 114 may comprise a layer of one or more of 

titanium, nickel, tungsten, and cobalt. The layer of metal 114 may have an average layer thickness 

of, for example, from about ten nanometers (10 nm) to several microns or more. 

[0046] The annealing process may be conducted in a furnace. In some embodiments, the 

annealing process may comprise a rapid thermal annealing (RTA) process, a flash annealing 

process, or a laser annealing process. The annealing process may be carried out at a temperature 

and for a time selected to control the depth into the layer of crystalline silicon 102 by which the 

metal elements diffuse, and, hence, the thickness of the resulting layer of metal silicide 112 formed 

therein. It is noted that the silicidation may be retarded by highly doping the silicon. Thus, in some 

embodiments, a portion of the layer of crystalline silicon 102 may be highly doped (e.g., either N 

doped or P doped), and the doped portion may act as a barrier to the silicidation process. The 

thickness of the doped portion may be selectively controlled, or at least the location of the doped 

silicon region within the layer of crystalline silicon 102, such that the depth into the layer of 

crystalline silicon 102 at which metal silicide 112 is formed is selectively controlled. 

[0047] If any of the layer of metal 114 remains after the annealing process, the remaining 

portion of the layer of metal 114 may be removed using, for example, a polishing process, an 

etching process, an ion trimming process, or a combination of such processes, prior to further 

processing. 

[0048] In some embodiments, the process or processes used to form the metal silicide 112 

may be conducted at relatively low temperatures to avoid unintentional damage to other portions of 
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the layer of crystalline silicon 102 and/or to any active device structures therein. For example, the 

metal silicide 112 may be formed in the portion 102H at a temperature of about seven hundred 

degrees Celsius (700°C) or less, about five hundred degrees Celsius (500°C) or less, or even about 

three hundred degrees Celsius (300°C) or less. For example, nickel silicide (e.g., Ni2Si) may form 

at a temperature of approximately 300°C, and titanium silicide (e.g., TiSi2) may form at 

temperatures between about 400°C and about 500°C. 

[0049] Referring to FIG. 4, after forming the metal silicide 112 (FIG. 3) in the portion 

102D (FIG. 2) of the layer of crystalline silicon 102, the metal silicide 112 may be etched and 

removed using an etchant selective to the metal silicide 112 relative to the crystalline silicon to form 

the semiconductor structure 120. Stated another way, an etchant may be selected that will etch the 

metal silicide 112 in the portion 102• at a first etch rate that is higher than a second etch rate at 

which the etchant will etch the layer of crystalline sil icon 102. The first etch rate may be at least 

about ten (10) times higher than the second etch rate, at least about one hundred (100) times higher 

than the second etch rate, or even at least about one thousand (1,000) times higher than the second 

etch rate in some embodiments. In this configuration, the layer of crystalline silicon 102 may serve 

as an etch stop layer in the etching process used to remove the overlying metal silicide 112. In other 

words, as the metal silicide 112 is removed progressively from the exposed major surface 103 at the 

first etch rate, when the metal silicide 112 is at least substantially removed and an underlying 

surface of the crystalline silicon is exposed, the etching process will effectively stop, due to the fact 

that the etch rate will be significantly reduced to the slower, second etch rate. 

[0050] The etching process used to etch the metal silicide 112 may comprise a wet 

etching process, a dry etching process (e.g., a plasma etching process), or an electrochemical 

etching process. 

[0051] The composition of the etchant or etchants employed in the etching process will 

depend upon the composition of the metal silicide 112 and the crystalline silicon. Many suitable 

etchants for crystalline silicon are known in the art and may be employed in embodiments of the 

present disclosure. As one non-limiting example, the etchant may. comprise hydrofluoric acid (FIF). 

In such embodiments, the HF may or may not be diluted, and may be in the liquid state or in the 

vapor state. In some embodiments, the etchant may comprise buffered hydrofluoric acid (BHF). 

[0052] In some embodiments, the etching process used to remove the metal silicide 112 

may be conducted at a temperature of about one hundred degrees Celsius (100°C) or less, about 
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fifty degrees Celsius (50°C) or less, or even about twenty-five degrees Celsius (25°C) or less. Thus, 

the etching process may be carried out at room temperature, or even below room temperature in 

some embodiments. Such embodiments may find particular utility when the layer of crystalline 

silicon 102 includes previously fabricated active device structures as discussed in further detail 

below with reference to FIGS. 11 through 15. 

[0053] With continued reference to FIG. 4, after thinning the layer of crystalline silicon 

102 by converting a portion 102D of the layer of crystalline silicon 102 (FIG. 2) to a metal silicide 

112 (FIG. 3) and subsequently removing the metal silicide 112, the layer of crystalline silicon 102 

will have a final average layer thickness TF that is less than the initial average layer thickness Ti 

(FIG. 2) of the layer of crystalline silicon 102. In some embodiments, the layer of crystalline silicon 

102 may be formed to have a final average layer thickness TF of about five hundred nanometers 

(500 nm) or less, about one hundred nanometers (100 nm) or less, or even about fifty nanometers 

(50 nm) or less, after removing the metal silicide 112. 

[0054] In some embodiments, the exposed major surface 103 of the layer of crystalline 

silicon 102 may be provided with an average surface roughness (Ra) of about five nanometers (5 

nm) or less, or even about two nanometers (2 nm) or less, after removing the metal silicide 112. 

Optionally, after thinning the layer of crystalline silicon 102, the exposed major surface 103 of the 

layer of crystalline silicon 102 may be smoothed to reduce a surface roughness of the exposed major 

surface 103 to such values if needed or desirable. 

[0055] For example, the exposed major surface 103 may be smoothed using one or more 

of a wet cleaning process, a chemical-mechanical polishing (CMP) process, a plasma cleaning 

process, and an ion trimming process. As a non-limiting example, the exposed major surface 103 

may be subjected to the cleaning process known in the art as the "SC: I" cleaning process and/or the 

cleaning process known in the art as the "SC-2" cleaning process. In the SC-1 process, the 

semiconductor structure 120 may be cleaned with a 1:1:5 solution of ammonium hydroxide 

(NH4OH), hydrogen peroxide (H2Q2), and water (H20) at a temperature from about seventy-five 

degrees Celsius (75°C) to about eighty degrees Celsius (80°C), followed by cleaning with a 1:50 

solution of hydrofluoric acid (HF) and water (H2O) at a temperature of about twenty-five degrees 

Celsius (25°C). The semiconductor structure 120 may be rinsed with de-ionized water before and 

after each cleansing step. In the SC-2 process, the semiconductor structure 120 may be cleaned 

with a 1:1:6 solution of hydrochloric acid (HC1), hydrogen peroxide (H202), and water (H20) at a 



WO 2013/124719 
11 

PCT/IB2013/000139 

temperature from about seventy-five degrees Celsius (75°C) to about eighty degrees Celsius (80°C). 

Again, the semiconductor structure 120 may be rinsed with de-ionized water before and after each 

cleansing step. In yet further embodiments, the major surface 103 of the layer of crystalline silicon 

102 may be cleansed using ozone. 

[0056] , As previously mentioned, the semiconductor structure 120 shown in FIG. 4 may 

comprise a silicon-on-insulator (SOI) type substrate. The semiconductor structure 120 may be 

utilized to fabricate any of a number of various different types of semiconductor devices comprising 

one or more portions of the layer of crystalline silicon 102. Such semiconductor devices include, 

for example, electronic signal processors, memory devices, light-emitting diodes, laser diodes, 

photocells, etc. 
[0057] Referring to FIG. 5, to fabricate such semiconductor devices, active device 

structures 122 may be fabricated on and/or in the layer of crystalline silicon 102 to form the 

semiconductor structure 130. Such active device structures 122 may comprise, for example, one or 

more of PN junctions, transistors, conductive lines, and conductive vias. 

[0058] Optionally, various additional layers of active device structures 122 may be 

provided over the active device structures 122 formed in and/or on the layer of crystalline silicon 

102. For example, FIG. 6 illustrates another semiconductor structure 140 that includes two 

additional layers 124A, 124B provided over the active device structures 122 formed in and/or on the 

layer of crystalline silicon 102. Such additional layers 124A, 124B may be formed by depositing or 

epitaxially growing additional layers of crystalline silicon, and forming additional active device 

structures 122 in each respective layer of crystalline silicon. In additional embodiments, such 

additional layers 124A, 124B may be fabricated separately and subsequently transferred and bonded 

over the layer of crystalline silicon 102 using 3D integration processes. 

[0059] Referring again to FIG. 1, in some embodiments, the initial semiconductor 

structure 100 may be provided by transferring the layer of crystalline silicon 102 from a donor 

structure to a recipient structure comprising the substrate 104. By way of example and not 

limitation, the process known in the art as the SMART-CUT® process may be used to transfer the 

layer of crystalline silicon 102 from a donor structure to the substrate 104. The SMART-CUT® 

process is described in, for example, U.S. Patent No. RE39,484 to Bruel (issued February 6, 2007), 

U.S. Patent No. 6,303,468 to Aspar et al. (issued October 16, 2001), U.S. Patent No. 6,335,258 to 

Aspar et al. (issued January 1, 2002), U.S. Patent No. 6,756,286 to Moriceau et al. (issued June 29, 
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2004), U.S. Patent No. 6,809,044 to Aspar et al. (issued October 26, 2004), and U.S. Patent No. 

6,946,365 to Aspar et al. (September 20, 2005). 

[0060] The SMART-CUT® process is briefly described below with reference to FIGS. 9 

and 10. Referring to FIG. 9, a plurality of ions (e.g., one or more of hydrogen, helium, or inert gas 

ions) may be implanted into a donor structure 200 along an ion implant plane 202. The donor 

structure 200 may comprise bulk crystalline silicon (e.g., monocrystalline silicon). The 

implantation of ions is represented in FIG. 9 by directional arrows 204. The implanted ions along 

the ion implant plane 202 define a plane of weakness within the donor structure 200, along which 

the donor structure 200 subsequently may be cleaved or otherwise fractured. As known in the art, 

the depth at which the ions are implanted into the donor structure 200 is at least partially a function 

of the energy with which the ions are implanted into the donor structure 200. Generally, ions 

implanted with less energy will be implanted at relatively shallower depths, while ions implanted 

with higher energy will be implanted at relatively deeper depths. 

[0061] Referring to FIG. 10, the donor structure 200 is bonded to another recipient 

structure comprising the substrate 104, after which the donor structure 200 is cleaved or otherwise 

fractured along the ion implant plane 202. To bond the donor structure 200 to the substrate 104, the 

bonding surface of the donor structure 200 and the substrate 104 may be oxidized to provide a layer 

of oxide material thereon, and the oxide layers may be brought into direct physical contact so as to 

establish an oxide-to-oxide direct molecular bond between the substrate 104 and the donor structure 

200. The bonded oxide layers together form the intermediate layer 106, as shown in FIG. 10. In 

additional embodiments, the intermediate layer 106 may comprise a metal or a semiconductor 

material formed by establishing direct molecular bonds between two layers of such materials. 

[0062] After the bonding process, the bonded donor structure 200 may be cleaved or 

otherwise fractured along the ion implant plane 202 to form the structure shown in FIG. 1. For 

example, the donor structure 200 and the recipient structure may be heated to cause the donor 

structure 200 to fracture along the ion implant plane 202. Optionally, mechanical forces may be 

applied to the donor structure 200 to assist in the cleaving of the donor structure 200 along the ion 

implant plane 202. 

[0063] After the donor structure 200 has been cleaved or otherwise fractured along the ion 

implant plane 202, a portion of the donor structure 200 remains bonded to the substrate 104 of the 

recipient structure, which portion defines the layer of crystalline silicon 102 shown in FIG. 1. A 
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remainder of the donor structure 200 may be reused in further SMART-CUT® processes to transfer 

additional portions of the donor structure 200 to recipient structures. 

[0064] After the fracturing process, the exposed major surface 103 of the layer of 

crystalline silicon 102 comprises a fractured surface of the donor structure 200, and may include ion 

impurities and imperfections in the crystal lattice of the layer of crystalline silicon 102. The layer of 

crystalline silicon 102 may be treated in an effort to reduce impurity levels and improve the quality 

of the crystal lattice (i.e., reduce the number of defects in the crystal lattice proximate the exposed 

major surface 103) in the layer of crystalline silicon 102. Such treatments may involve one or more 

of grinding, polishing, etching, and thermal annealing. 

[0065] In other embodiments, the layer of crystalline silicon 102 may be provided over 

the substrate 104 by epitxially growing or otherwise depositing the layer of crystalline silicon 102 

over the substrate 104 and the intermediate layer 106, or by bonding a bulk crystalline silicon over 

the substrate 104 and the intermediate layer 106 and subsequently thinning the bulk crystalline 

silicon to the initial average layer thickness Ti using one or more of a grinding process, a polishing 

process, and an etching process (e.g., a chemical-mechanical polishing process). 

[0066] In some embodiments, the layer of crystalline silicon 102 may be selected to 

comprise active device structures 122 therein prior to performing the thinning process described 

above with reference to FIGS. 3 and 4. Such methods are described below with reference to FIGS. 

11 through 15. 

[0067] FIG. 11 illustrates a semiconductor structure 300 that includes a layer of 

crystalline silicon 102 and active device structures 122 formed on and/or in the crystalline silicon 

102. The active device structures 122 may comprise, for example, one or more of PN junctions, 

transistors, conductive lines, and conductive vias. In some embodiments, the active device 

structures 122 may be buried within the layer of crystalline silicon 102. The layer of crystalline 

silicon 102 with the active device structures 122 therein may be transferred a.nd bonded to the 

substrate 104 in a layer transfer process, in some embodiments. 

[0068] As shown in FIG. 12, prior to thinning the layer of crystalline silicon 102, the 

exposed major surface 103 of the layer of crystalline silicon 102 optionally may be smoothed as 

previously discussed with reference to FIG. 2. The exposed major surface 103 may be smoothed 

using, for example, one or more of a mechanical grinding or polishing process, a chemical etching 

process, and a chemical-mechanical polishing (CMP) process. 
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[0069] A portion 102 • of the layer of crystalline silicon 102 may be converted to a metal 

silicide 112 to form the semiconductor structure 300 shown in FIG. 13. By way of example and not 

limitation, the metal silicide 112 may be formed using methods previously described with reference 

to FIGS. 7 and 8. In embodiments in which the layer of crystalline silicon 102 comprises active 

device structures 122, the metal silicide 112 may be formed in the portion 102D at a temperature of 

about seven hundred degrees Celsius (700°C) or less, about five hundred degrees Celsius (500°C) or 

less, or even about three hundred degrees Celsius (300°C) or less, to avoid damaging the previously 

formed active device structures 122. 

[0070] After forming the metal silicide 112 in the layer of semiconductor material 102, 

the metal silicide 112 may be removed using an etching process to form the semiconductor structure 

310 shown in FIG. 14, as previously described with reference to FIG. 4. Thus, the layer of 

crystalline silicon 102 may be thinned from the initial average layer thickness Ti shown in FIG. 12 

to a selected final average layer thickness Tp shown in FIG. 14. 

[0071] Optionally, various additional layers of active device structures 122 may be 

provided over the active device structures 122 and the layer of crystalline silicon 102. For example, 

FIG. 15 illustrates another semiconductor structure 320 that includes three additional layers 124A, 

124B, 124C provided over the active device structures 122 and the layer of crystalline silicon 102. 

Such additional layers 124A, 124B, 124C may be formed by depositing or epitaxially growing 

additional layers of crystalline silicon, and forming additional active device structures 122 in each 

respective layer of crystalline silicon. In additional embodiments, such additional layers 124A, 

124B, 124C may be fabricated separately and subsequently transferred and bonded over the layer of 

crystalline silicon 102 using 3D integration processes. 

[0072] Additional non-limiting example embodiments of the disclosure are set forth 

below: 

[0073] Embodiment 1: A method of fabricating a semiconductor device, comprising: 

providing a layer of crystalline silicon on a recipient structure; forming a metal silicide in a portion 

of the crystalline silicon adjacent an exposed major surface of the layer of crystalline silicon; and 

etching the metal silicide using an etchant selective to the metal silicide relative to the crystalline 

silicon. 
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[0074] Embodiment 2: The method of Embodiment 1, wherein providing the layer of 

crystalline silicon on the recipient structure comprises transferring the layer of crystalline silicon 

from a donor structure to the recipient structure. 

[0075] Embodiment 3: The method of Embodiment 2, further comprising selecting the 

layer of crystalline silicon to comprise active device structures. 

[0076] Embodiment 4: The method of Embodiment 3, further comprising selecting the 

layer of crystalline silicon to include one or more of PN junctions, transistors, conductive lines, and 

conductive vias. 

[0077] Embodiment 5: The method of any one of Embodiments 1 through 4, further 

comprising selecting the crystalline silicon to comprise monocrystalline silicon. 

[0078] Embodiment 6: The method of any one of Embodiments 1 through 5, wherein 

forming the metal silicide in the portion of the crystalline silicon adjacent the exposed major surface 

of the layer of crystalline silicon comprises: depositing metal over the exposed major surface of the 

layer of crystalline silicon; and annealing the deposited metal and the layer of crystalline silicon to 

form the metal silicide. 

[0079] Embodiment 7: The method of any one of Embodiments 1 through 5, wherein 

forming the metal silicide in the portion of the crystalline silicon adjacent the exposed major surface 

of the layer of crystalline silicon comprises implanting metal ions into the crystalline silicon to form 

the metal silicide. . 

[0080] Embodiment 8: The method of Embodiment 7, further comprising selecting.the 

metal ions to comprise at least one of titanium, nickel, cobalt, and tungsten. 

[0081] Embodiment 9: The method of any one of Embodiments 1 through 8, wherein 

forming the metal silicide in the portion of the crystalline silicon comprises forming the metal 

silicide in the portion of the crystalline silicon at a temperature of about 700°C or less. 

[0082] Embodiment 10: The method of Embodiment 9, wherein forming the metal 

silicide in the portion of the crystalline silicon at a temperature of about 700°C or less comprises 

forming the metal silicide in the portion of the crystalline silicon at a temperature of about 500°C or 

less. 

[0083] Embodiment 11: The method of Embodiment 10, wherein forming the metal 

silicide in the portion of the crystalline silicon at a temperature of about 500°C or less comprises 



WO 2013/124719 
16 

PCT/IB2013/000139 

forming the metal silicide in the portion of the crystalline silicon at a temperature of about 300°C or 

less 

[0084] Embodiment 12: The method of any one of Embodiments 1 through 11, wherein 

etching the metal silicide comprises etching the metal silicide using one or more of a wet etching 

process, a dry etching process, and an electrochemical etching process. 

[0085] Embodiment 13: The method of any one of Embodiments 1 through 12, wherein 

etching the metal silicide comprises at least substantially removing the metal silicide and exposing a 

surface of the crystalline silicon. 

[0086] Embodiment 14: The method of Embodiment 13, further comprising smoothing a 

surface of the crystalline silicon using one or more of a wet cleaning process, a 

chemical-mechanical polishing process, a plasma cleaning process, and an ion trimming process. 

[0087] Embodiment 15: The method of any one of Embodiments 1 through 14, wherein 

etching the metal silicide comprises etching the metal silicide at a temperature of about one hundred 
degrees Celsius (100°C) or less. 

[0088] Embodiment 16: The method of any one of Embodiment 15, wherein etching the 

metal silicide at the temperature of about one hundred degrees Celsius (100°C) or less comprises 

etching the metal silicide at a temperature of about twenty five degrees Celsius (25°C) or less. 

[0089] Embodiment 17: The method of any one of Embodiments 1 through 16, wherein 

etching the metal silicide using the etchant selective to the metal silicide relative to the crystalline 

silicon comprises etching the metal silicide with HF. 

[0090] Embodiment 18: The method of any one of Embodiments 1 through 17, further 

comprising forming an SOI type substrate comprising the crystalline silicon, the recipient structure, 

and a dielectric layer therebetween. 

[0091] Embodiment 19: The method of any one of Embodiments 1 through 18, further 

comprising forming one or more of an electronic signal processor, a memory device, a 

light-emitting diode, a laser diode, and a photocell comprising the crystalline silicon. 

[0092] Embodiment 20: The method of any one of Embodiments 1 through 19, further 

comprising forming the layer of crystalline silicon to have an average layer thickness of about 500 

nm or less after etching the metal silicide. 
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[0093] Embodiment 21: The method of Embodiment 20j further comprising forming the 

layer of crystalline silicon to have an average layer thickness of about 100 nm or less after etching 

the metal silicide. 

[0094] Embodiment 22: The method of any one of Embodiments 1 through 21, further 

comprising providing an exposed major surface of the layer of crystalline silicon with an average 

surface roughness Ra of about 5.0 nm or less after etching the metal silicide. 

[0095] Embodiment 23: The method of Embodiment 22, further comprising providing 

the exposed major surface of the layer of crystalline silicon with an average surface roughness Ra of 

about 2.0 nm or less after etching the metal silicide. 

[0096] Embodiment 24: A method of forming a silicon-on-insulator (SOI) substrate, 

comprising: providing a layer of crystalline silicon over a base substrate with a dielectric material 

between the layer of crystalline silicone and the base substrate; and thinning the layer of crystalline 

silicon to a thickness of about 500 nm or less. Thinning the layer of crystalline silicon comprises: 

forming a generally planar metal silicide layer in a portion of the layer of crystalline silicon adjacent 

an exposed major surface of the layer of crystalline silicon; and etching the metal silicide layer 

using an etchant selective to the metal silicide layer relative to the crystalline silicon. 

[0097] Embodiment 25: The method of Embodiment 24, wherein forming the metal 

silicide in the portion of the crystalline silicon adjacent the exposed major surface of the layer of 

crystalline silicon comprises: depositing metal over the exposed major surface of the layer of 

crystalline silicon; and annealing the deposited metal and the layer of crystalline silicon to form the 

metal silicide. 

[0098] Embodiment 26: The method of Embodiment 24, wherein forming the metal 

silicide in the portion of the crystalline silicon adjacent the exposed major surface of the layer of 

crystalline silicon comprises implanting metal ions into the crystalline silicon to form the metal 

silicide. 

[0099] Embodiment 27: The method of Embodiment 26, further comprising selecting the 

metal ions to comprise at least one of titanium, nickel, cobalt, and tungsten. 

[00100] Embodiment 28: The method of any one of Embodiments 24 through 27, wherein 

forming the metal silicide in the portion of the crystalline silicon comprises forming the metal 

silicide in the portion of the crystalline silicon at a temperature of about 700°C or less. 
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[00101] Embodiment 29: The method of Embodiment 28, wherein forming the metal 

silicide in the portion of the crystalline silicon at a temperature of about 700°C or less comprises 

forming the metal silicide in the portion of the crystalline silicon at a temperature of about 500°C or 

less. 

[00102] Embodiment 30: The method of Embodiment 29, wherein forming the metal 

silicide in the portion of the crystalline silicon at a temperature of about 500°C or less comprises 

forming the metal silicide in the portion of the crystalline silicon at a temperature of about 300°C or 

less 
[00103] Embodiment 31: The method of any one of Embodiments 24 through 30, wherein 

etching the metal silicide comprises etching the metal silicide at a temperature of about one hundred 

degrees Celsius (100°C) or less. 

[00104] Embodiment 32: The method of Embodiment 31, wherein etching the metal 

silicide at the temperature of about one hundred degrees Celsius (100°C) or less comprises etching 

the metal silicide at a temperature of about twenty five degrees Celsius (25°C) or less. 

[00105] Embodiment 33: The method of any one of Embodiments 24 through 32, further 

comprising forming the layer of crystal line silicon to have an average layer thickness of about 100 

nm or less after etching the metal silicide. 

[00106] Embodiment 34: The method of any one of Embodiments 24 through 33, further 

comprising providing an exposed major surface of the layer of crystalline silicon with an average 

surface roughness Ra of about 5.0 nm or less after etching the metal silicide. 

[00107] Embodiment 35: The method of Embodiment 34, further comprising providing 

the exposed major surface of the layer of crystalline silicon with an average surface roughness Ra of 

about 2.0 nm or less after etching the metal silicide. 

[00108] The example embodiments of the disclosure described above do not limit the 

scope of the invention, since these embodiments are merely examples of embodiments of the 

invention, which is defined by the scope of the appended claims and their legal equivalents. Any 

equivalent embodiments are intended to be within the scope of this invention. Indeed, various 

modifications of the disclosure, in addition to those shown and described herein, such as alternate 

useful combinations of the elements described, will become apparent to those skilled in the art from 

the description. In other words, one or more features of one example embodiment described herein 

may be combined with one or more features of another example embodiment described herein to 
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provide additional embodiments of the disclosure. Such modifications and embodiments are also 

intended to fall within the scope of the appended claims. 



CLAIMS

What is claimed is:

1. A method of fabricating a semiconductor device, comprising:

providing a layer of crystalline silicon on a recipient structure; and

after providing the layer of crystalline silicon on the recipient structure, reducing a

thickness of the layer of crystalline silicon, reducing the thickness including:

forming a layer consisting essentially of metal silicide in a portion of the

crystalline silicon adjacent an exposed major surface of the layer of crystalline silicon,

wherein forming the layer consisting essentially of the metal silicide comprises

implanting metal ions into the crystalline silicon to form the layer consisting essentially

of the metal silicide; and

after forming the layer consisting essentially of the metal silicide, etching the

layer consisting essentially of the metal silicide using an etchant selective to the metal

silicide relative to the crystalline silicon, the etchant removing the metal silicide at an

etch rate higher than any etch rate at which the metal silicide removes the crystalline

silicon.

2. The method of claim 1, wherein providing the layer of crystalline silicon on the

recipient structure comprises transferring the layer of crystalline silicon from a donor structure to

the recipient structure.

3. The method of claim 2, further comprising selecting the layer of crystalline silicon to

comprise active device structures.

4. The method of claim 3, further comprising selecting the layer of crystalline silicon to

include one or more of PN junctions, transistors, conductive lines, and conductive vias.

5. The method of claim 1, further comprising selecting the crystalline silicon to comprise

monocrystalline silicon.
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6. A method of fabricating a semiconductor device, comprising:

providing a layer of crystalline silicon on a recipient structure; and

after providing the layer of crystalline silicon on the recipient structure, reducing a

thickness of the layer of crystalline silicon, reducing the thickness including:

forming a layer consisting essentially of metal silicide in a portion of the

crystalline silicon adjacent an exposed major surface of the layer of crystalline silicon at a

temperature of about 700°C. or less, wherein forming the layer consisting essentially of

the metal silicide comprises:

depositing metal over the exposed major surface of the layer of crystalline

silicon; and

annealing the deposited metal and the layer of crystalline silicon to form

the layer consisting essentially of metal silicide; and

after forming the layer consisting essentially of the metal silicide, etching

the layer consisting essentially of metal silicide using an etchant selective to the

metal silicide relative to the crystalline silicon, the etchant removing the metal

silicide at an etch rate higher than any etch rate at which the metal silicide

removes the crystalline silicon.

7. The method of claim 1, further comprising selecting the metal ions to comprise at least

one of titanium, nickel, cobalt, and tungsten.

8. The method of claim 1, wherein forming the layer consisting essentially of metal

silicide in the portion of the crystalline silicon comprises forming the layer consisting essentially

of metal silicide in the portion of the crystalline silicon at a temperature of about 700°C. or less.

9. The method of claim 8, wherein forming the layer consisting essentially of metal

silicide in the portion of the crystalline silicon at a temperature of about 700°C. or less comprises

forming the layer consisting essentially of metal silicide in the portion of the crystalline silicon at

a temperature of about 500°C. or less.
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10. The method of claim 9, wherein forming the layer consisting essentially of metal

silicide in the portion of the crystalline silicon at a temperature of about 500°C. or less comprises

forming the layer consisting essentially of metal silicide in the portion of the crystalline silicon at

a temperature of about 300°C. or less.

11. The method of claim 1, wherein etching the layer consisting essentially of metal

silicide comprises etching the layer consisting essentially of metal silicide using one or more of a

wet etching process, a dry etching process, and an electrochemical etching process.

12. The method of claim 1, wherein etching the layer consisting essentially of metal

silicide comprises at least substantially removing the layer consisting essentially of metal silicide

and exposing a surface of the crystalline silicon.

13. The method of claim 12, further comprising smoothing a surface of the crystalline

silicon using one or more of a wet cleaning process, a chemical-mechanical polishing process, a

plasma cleaning process, and an ion trimming process.

14. The method of claim 1, wherein etching the layer consisting essentially of metal

silicide comprises etching the layer consisting essentially of metal silicide at a temperature of

about one hundred degrees Celsius (100°C.) or less.

15. The method of claim 1, wherein etching the layer consisting essentially of metal

silicide at the temperature of about one hundred degrees Celsius (100°C.) or less comprises

etching the layer consisting essentially of metal silicide at a temperature of about twenty-five

degrees Celsius (25°C.) or less.

16. The method of claim 1, wherein etching the layer consisting essentially of metal

silicide using the etchant selective to the metal silicide relative to the crystalline silicon

comprises etching the metal silicide with HF.
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17. The method of claim 1, further comprising forming an SOI type substrate comprising

the crystalline silicon, the recipient structure, and a dielectric layer therebetween.

18. The method of claim 1, further comprising forming one or more of an electronic

signal processor, a memory device, a light-emitting diode, a laser diode, and a photocell

comprising the crystalline silicon.

19. The method of claim 1, further comprising forming the layer of crystalline silicon to

have an average layer thickness of about 500 nm or less after etching the layer consisting

essentially of metal silicide.

20. The method of claim 19, further comprising forming the layer of crystalline silicon to

have an average layer thickness of about 100 nm or less after etching the layer consisting

essentially of metal silicide.

21. The method of claim 1, further comprising providing an exposed major surface of the

layer of crystalline silicon with an average surface roughness Ra of about 5.0 nm or less after

etching the metal silicide.

22. The method of claim 21, further comprising providing the exposed major surface of

the layer of crystalline silicon with an average surface roughness Ra of about 2.0 nm or less after

etching the layer consisting essentially of metal silicide.

23. A method of forming a silicon-on-insulator (SOI) substrate, comprising:

providing a layer of crystalline silicon over a base substrate with a dielectric material

between the layer of crystalline silicon and the base substrate; and

after providing the layer of crystalline silicon, thinning the layer of crystalline silicon to a

thickness of about 500 nm or less, thinning the layer of crystalline silicon comprising:

forming a generally planar metal silicide layer in a portion of the layer of

crystalline silicon adjacent an exposed major surface of the layer of crystalline silicon;

and
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etching the generally planar metal silicide layer using an etchant selective to the

metal silicide layer relative to the crystalline silicon, the etchant removing the metal

silicide at an etch rate higher than any etch rate at which the metal silicide removes the

crystalline silicon.

24. The method of claim 23, wherein forming the generally planar metal silicide layer in

the portion of the crystalline silicon adjacent the exposed major surface of the layer of crystalline

silicon comprises:

depositing metal over the exposed major surface of the layer of crystalline silicon; and

annealing the deposited metal and the layer of crystalline silicon to form the generally

planar metal silicide layer.

25. The method of claim 23, wherein forming the generally planar metal silicide layer in

the portion of the crystalline silicon adjacent the exposed major surface of the layer of crystalline

silicon comprises implanting metal ions into the crystalline silicon to form the generally planar

metal silicide layer.

26. The method of claim 25, further comprising selecting the metal ions to comprise at

least one of titanium, nickel, cobalt, and tungsten.

27. The method of claim 23, wherein forming the generally planar metal silicide layer in

the portion of the crystalline silicon comprises forming the generally planar metal silicide layer

in the portion of the crystalline silicon at a temperature of about 700°C. or less.

28. The method of claim 27, wherein forming the generally planar metal silicide layer in

the portion of the crystalline silicon at a temperature of about 700°C. or less comprises forming

the generally planar metal silicide layer in the portion of the crystalline silicon at a temperature

of about 500°C. or less.
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29. The method of claim 28, wherein forming the generally planar metal silicide layer in

the portion of the crystalline silicon at a temperature of about 500°C. or less comprises forming

the generally planar metal silicide layer in the portion of the crystalline silicon at a temperature

of about 300°C. or less.

30. The method of claim 23, wherein etching the generally planar metal silicide layer

comprises etching the metal silicide at a temperature of about one hundred degrees Celsius

(100°C.) or less.

31. The method of claim 30, wherein etching the generally planar metal silicide layer at

the temperature of about one hundred degrees Celsius (100°C.) or less comprises etching the

generally planar metal silicide layer at a temperature of about twenty-five degrees Celsius

(25°C.) or less.

32. The method of claim 23, further comprising forming the layer of crystalline silicon to

have an average layer thickness of about 100 nm or less after etching the generally planar metal

silicide layer.

33. The method of claim 23, further comprising providing an exposed major surface of

the layer of crystalline silicon with an average surface roughness Ra of about 5.0 nm or less after

etching the generally planar metal silicide layer.

34. The method of claim 33, further comprising providing the exposed major surface of

the layer of crystalline silicon with an average surface roughness Ra of about 2.0 nm or less after

etching the generally planar metal silicide layer.

35. The method of claim 1, further comprising selecting the crystalline silicon to

comprise a single crystal of silicon.
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