
WO 2011/162977 PCT/US2011/039892 

DELTA MONOLAYER DOPANTS EPITAXY FOR EMBEDDED SOURCE/DRAIN 
SILICIDE 

RELATED APPLICATIONS 

[0001] This application is related to co-pending and co-assigned U.S. Application Serial No. 

12/764,329, filed April 21, 2010, the entire content of which is incorporated herein by reference. 

BACKGROUND 

[0002] The present invention relates to a semiconductor structure and a method of fabricating the 

same. More particularly, the present invention relates to a semiconductor structure including an 

embedded stressor element that includes a delta monolayer of a dopant located an upper surface 

thereof. The present invention also provides a method of fabricating such a semiconductor 

structure. 

[0003] Mechanical stresses within a semiconductor device substrate have been widely used to 

modulate device performance such as, for example, drive current. For example, in common 

silicon technology, the channel of a transistor is oriented along the {110} planes of silicon. In 

this arrangement, hole mobility is enhanced when the channel is under compressive stress in the 

film direction and/or under tensile stress in a direction normal of the channel, while the electron 

mobility is enhanced when the silicon film is under tensile stress in the film direction and/or 

under compressive stress in the direction normal of the channel. Therefore, compressive and/or 

tensile stresses can be advantageously created in the channel region of a p-channel field effect 

transistor (pFET) and/or an n-channel field effect transistor (nFET) in order to enhance the 

performance of such devices. 

[0004] One possible approach for creating a desirable stressed silicon channel region is to form 

embedded SiGe or Si:C stressors (i.e., stress wells) within the source and drain regions of a 

complementary metal oxide semiconductor (CMOS) device to induce compressive or tensile 
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strain in the channel region located between the source region and the drain region. For 

example, it has been demonstrated that hole mobility can be enhanced significantly in p-channel 

silicon transistors by using an embedded SiGe stressor in the source and drain regions. For n-

channel silicon transistors, it has also been demonstrated that the electron mobility can be 

enhanced by using selective Si:C in which C is substitutional. 

[0005] Although prior art structures including embedded stressor elements are known in the art, 

there is still a need for forming semiconductor structures, including CMOS structures, which 

limit the series contact resistance to the channel resistance. This requirement needs not only 

extremely low junction sheet resistance, but also ultra low-contact resistivites that can be 

obtained with existing self-aligned silicidation technology. 

SUMMARY 

[0006] The present disclosure provides a semiconductor structure including an embedded 

stressor element for nFETs and/or pFETs in which the embedded stressor element has a delta 

monolayer of dopant (which can also be referred to herein as Atomic Layer Dopant (ALDo)), 

present between an underlying epitaxy doped semiconductor material and an overlying metal 

semiconductor alloy contact. The term "delta monolayer of dopant" is used throughout the 

present application to denote a thin layer (on the order of less than 5 nm) that contains only 

dopant atoms therein. The presence of the delta monolayer of dopant between the underlying 

epitaxy doped semiconductor material of the embedded stressor element and the overlying metal 

semiconductor alloy reduces the overall contact resistance of the structure. 

[0007] In one embodiment, a semiconductor structure is provided that includes at least one FET 

gate stack located on an upper surface of a semiconductor substrate. The at least one FET gate 

stack of the semiconductor structure includes a source extension region and a drain extension 

region located within the semiconductor substrate at a footprint of the at least one FET gate 

stack. A device channel is also present between the source extension region and the drain 

extension region and beneath the at least one gate stack. The structure further includes 
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embedded stressor elements located on opposite sides of the at least one FET gate stack and 

within the semiconductor substrate. Each of the embedded stressor elements includes a first 

layer of a first epitaxy doped semiconductor material having a lattice constant that is different 

from a lattice constant of the semiconductor substrate and imparts a strain in the device channel, 

a second layer of a second epitaxy doped semiconductor material located atop the first layer, and 

a delta monolayer of dopant located on an upper surface of the second layer of the second 

epitaxy doped semiconductor material. The first layer of the first epitaxy doped semiconductor 

material has a lower content of dopant as compared to the second layer of the second epitaxy 

doped semiconductor material. The structure further includes a metal semiconductor alloy 

contact located directly on an upper surface of the delta monolayer of dopant. 

[0008] In another embodiment, a CMOS structure is provided that includes at least one pFET 

gate stack and at least one nFET gate stack located on an upper surface of a semiconductor 

substrate. Each of the at least one pFET gate stack and the at least one nFET gate stack includes 

a source extension region and a drain extension region located within the semiconductor 

substrate at a footprint of both the at least one pFET gate stack and the at least one nFET gate 

stack. The structure further includes a device channel located between the source extension 

region and the drain extension region and beneath each of the gate stacks. pFET embedded 

stressor elements are located on opposite sides of the at least one pFET gate stack and within the 

semiconductor substrate, and nFET embedded stressor elements are located on opposite sides of 

the at least one nFET gate stack and within the semiconductor substrate. Each of the embedded 

stressor elements includes a first layer of a first epitaxy doped semiconductor material having a 

lattice constant that is different from a lattice constant of the semiconductor substrate and imparts 

a strain in the device channel, a second layer of a second epitaxy doped semiconductor material 

located atop the first layer, and a delta monolayer of dopant located on the second layer. In the 

disclosed structure, the first layer of the first epitaxy doped semiconductor material has a lower 

content of dopant as compared to the second layer of the second epitaxy doped semiconductor 

material. The structure further includes a metal semiconductor alloy contact located directly on 

an upper surface of the delta monolayer of dopant. 
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[0009] The present disclosure also provides a method of fabricating the above mentioned 

structures. The method includes forming at least one FET gate stack on an upper surface of a 

semiconductor substrate. A source extension region and a drain extension region are then 

formed within the semiconductor substrate at the footprint of the at least one FET gate stack. 

Recessed regions are formed on opposite sides of the at least one FET gate stack and within the 

semiconductor substrate. A pre-embedded stressor element is formed substantially within each 

recessed region. Each pre-embedded stressor element formed at this stage includes, from bottom 

to top, a first layer of a first epitaxy doped semiconductor material having a lattice constant that 

is different from a lattice constant of the semiconductor substrate and imparts a strain in the 

device channel, a second layer of a second epitaxy doped semiconductor material located atop 

the first layer, wherein the first layer of the first epitaxy doped semiconductor material has a 

lower content of dopant as compared to the second layer of the second epitaxy doped 

semiconductor material, a delta monolayer of dopant located on an upper surface of the second 

layer, and a third layer of epitaxy doped semiconductor layer located atop the delta monolayer. 

The method also includes converting a portion of the third layer of the pre-embedded stressor 

element into a metal semiconductor alloy contact. The metal semiconductor alloy contact is 

located directly an upper surface of the delta monolayer. It is observed that after this conversion, 

an embedded stressor element including the first layer of the first epitaxy doped semiconductor 

material, the second layer of the second epitaxy doped semiconductor material, and the delta 

monolayer of dopant is provided that imparts strain upon the device channel, while reducing the 

overall contact resistance of the structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1 is a pictorial representation (through a cross sectional view) depicting an initial 

structure including at least one FET gate stack located on an upper surface of a semiconductor 

substrate that can be employed in one embodiment of the invention. 
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[0011] FIG. 2 is a pictorial representation (through a cross sectional view) depicting the structure 

of FIG. 1 after forming recessed regions within the semiconductor substrate which are located at 

the footprint of the at least one FET gate stack. 

[0012] FIG. 3 is a pictorial representation (through a cross sectional view) depicting the structure 

of FIG. 2 after filling each of the recessed regions with a pre-embedded stressor element that 

includes, from bottom to top, a first layer of a first epitaxy doped semiconductor material, a 

second layer of a second epitaxy doped semiconductor material, a delta monolayer of a dopant, 

and a third layer of a third epitaxy doped semiconductor material. 

[0013] FIG. 4 is a pictorial representation (through a cross sectional view) depicting the structure 

of FIG. 3 after forming another spacer and converting the third layer of the third epitaxy doped 

semiconductor material into a metal semiconductor alloy layer which is located atop the delta 

monolayer of dopant. 

[0014] FIG. 5 is a pictorial representation (through a cross sectional view) depicting a CMOS 

structure that can be formed by employing the basic processing steps shown in FIGS. 1-4. 

DETAILED DESCRIPTION 

[0015] In the following description, numerous specific details are set forth, such as particular 

structures, components, materials, dimensions, processing steps and techniques, in order to 

provide an understanding of some aspects of the present invention. However, it will be 

appreciated by one of ordinary skill in the art that the invention may be practiced without these 

specific details. In other instances, well-known structures or processing steps have not been 

described in detail in order to avoid obscuring the invention. 

[0016] It will be understood that when an element as a layer, region or substrate is referred to as 

being "on" or "over" another element, it can be directly on the other element or intervening 

elements may also be present. In contrast, when an element is referred to as being "directly on" 

5 



WO 2011/162977 PCT/US2011/039892 

or "directly over" another element, there are no intervening elements present. It will also be 

understood that when an element is referred to as being "connected" or "coupled" to another 

element, it can be directly connected or coupled to the other element or intervening elements 

may be present. In contrast, when an element is referred to as being "directly connected" or 

"directly coupled" to another element, there are no intervening elements present. 

[0017] Embodiments of the present disclosure will now be described in greater detail by 

referring to the following discussion and drawings that accompany the present application. The 

drawings of the present application, which are referred to herein below in greater detail, are 

provided for illustrative purposes and, as such, they are not drawn to scale. 

[0018] Reference is first made to FIG. 1 which illustrates an initial structure 10 that can be 

employed in one embodiment of the present invention. The initial structure 10 includes a 

semiconductor substrate 12 including at least one FET device region 14. A second device region 

(not shown) can be formed to the periphery of the at least one FET device region 14 that is 

shown in FIG. 1. The semiconductor substrate 12 can also include at least one isolation region 

(not specifically shown). When present, the at least one isolation region would be located to the 

periphery of the at least one FET device region 14. 

[0019] The initial structure 10 further includes at least one FET gate stack 18 located on an upper 

surface of the at least one FET device region 14 of the semiconductor substrate 12. In the 

drawings, a single FET gate stack is shown for illustrative purposes only. 

[0020] The at least one FET gate stack 18 employed can include at least one pFET gate stack, at 

least one nFET gate stack or a combination of at least one pFET gate stack and at least one nFET 

gate stack that are located on different device regions of the semiconductor substrate 12. When a 

combination of nFET gate stacks and pFET gate stacks are employed, an isolation region is 

typically present between the device regions that include the different polarity devices. 
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[0021] The at least one FET gate stack 18, which is typically patterned, includes, from bottom to 

top, a gate dielectric 20, a gate electrode 22 and an optional gate electrode cap 24; gate electrode 

cap 24 can also be referred to herein as a dielectric cap. At least one spacer 26 (which can be 

referred to as an inner spacer) is typically located on the sidewalls of each of the FET gate stacks 

that are present in the initial structure 10. In some embodiments, no spacer 26 is present. 

[0022] The initial structure 10 shown in FIG. 1 can be formed by conventional methods and 

include materials well known to those skilled in the art. For example, the semiconductor 

substrate 12 of the initial structure 10 can be comprised of any semiconductor material including, 

but not limited to, Si, Ge, SiGe, SiC, SiGeC, GaAs, GaN, InAs, InP and all other III/V or II/VI 

compound semiconductors. The semiconductor material of the semiconductor substrate 12 has a 

lattice constant that is dependent on the type of semiconductor material employed. 

Semiconductor substrate 12 may also comprise an organic semiconductor or a layered 

semiconductor such as Si/SiGe, a silicon-on-insulator (SOI), a SiGe-on-insulator (SGOI) or a 

germanium-on-insulator (GOI). In one embodiment of the invention, the semiconductor 

substrate 12 includes an SOI substrate in which top and bottom semiconductor material layers 

such as Si are spaced apart by a buried dielectric such as a buried oxide. In some embodiments, 

the semiconductor substrate 12 is composed of bulk silicon or a silicon-on-insulator. The 

semiconductor substrate 12 may be doped, undoped or contain doped and undoped regions 

therein. The semiconductor substrate 12 may include a single crystal orientation or it may 

include at least two coplanar surface regions that have different crystal orientations (the latter 

substrate is referred to in the art as a hybrid substrate). When a hybrid substrate is employed, an 

nFET is typically formed on a {100} crystal surface, while a pFET is typically formed on a 

{110} crystal plane. The hybrid substrate can be formed by techniques that are well known in 

the art. See, for example, co-owned U.S. Patent No. 7,329,923, U.S. Publication No. 

2005/0116290, dated June 2, 2005 and U.S. Patent No. 7,023,055, the entire contents of each are 

incorporated herein by reference. 

[0023] The at least one isolation region (not specifically shown) is typically formed into the 

semiconductor substrate 12 so as to form device regions within the semiconductor substrate 12. 

7 



WO 2011/162977 PCT/US2011/039892 

The at least one isolation region may be a trench isolation region or a field oxide isolation region. 

The trench isolation region is formed utilizing a conventional trench isolation process well 

known to those skilled in the art. For example, lithography, etching and filling of the trench with 

a trench dielectric may be used in forming the trench isolation region. Optionally, a liner may be 

formed in the trench prior to trench fill, a densification step may be performed after the trench 

fill and a planarization process may follow the trench fill as well. The height of the trench 

isolation region can be adjusted by performing a wet etching process such as etching with a 

solution containing hydrofluoric acid. The field oxide can be formed utilizing a so-called local 

oxidation of silicon process. 

[0024] The various device regions may be doped (e.g., by ion implantation processes) to form 

well regions within the different device regions. For clarity, the well regions are not specifically 

shown in the drawings of the present application. The well regions for pFET devices typically 

include an n-type dopant, and the well regions for nFET devices typically include a p-type 

dopant. The dopant concentration of the well regions of the same conductivity type device may 

be the same or different. Likewise, the dopant concentration of the well regions of the different 

conductivity type may be the same or different. 

[0025] After processing the semiconductor substrate 12, the at least one FET gate stack 18 is 

formed utilizing any conventional process that is well known to those skilled in the art. In 

embodiments in which nFET and pFET gate stacks are both present, a first polarity FET gate 

stack (either nFET or pFET) can be formed before, during or after forming a second polarity 

FET gate stack (either pFET or nFET not used as the first polarity FET gate stack). It is 

observed that although FIG. 1 as well as FIGS. 2-4 show the presence of a single FET device 

region 14 and a single FET gate stack, the present invention can also be practiced when more 

than one device region is present and/or with a different number of FET gate stacks 18. When 

more than one gate stack is present, the different gate stacks can have the same or different gate 

dielectrics and/or gate electrode materials. Different gate dielectric and gate electrode materials 

can be obtained utilizing block masks to block formation of one type of material from one 

region, while forming the material in another region not including the block mask. When more 
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than one gate stack is provided, the gate stacks can be used in forming a FET of the same or 

different conductivity type. 

[0026] In one embodiment, the at least one FET gate stack 18 is formed by deposition of various 

material layers, followed by patterning the deposited material layers via lithography and etching. 

In another embodiment, the at least one FET gate stack 18 is formed by a replacement gate 

process that includes the use of a dummy gate material. 

[0027] Notwithstanding the technique used in forming the at least one FET gate stack 18, the at 

least one FET gate stack 18 includes, from bottom to top, a gate dielectric 20, a gate electrode 

22, and an optional gate electrode cap 24. 

[0028] The gate dielectric 20 includes any gate insulating material such as for example, an oxide, 

a nitride, an oxynitride or a multilayered stack thereof. In one embodiment, the gate dielectric 20 

is a semiconductor oxide, a semiconductor nitride or a semiconductor oxynitride. In another 

embodiment, the gate dielectric 20 includes a dielectric metal oxide having a dielectric constant 

that is greater than the dielectric constant of silicon oxide, e.g., 3.9. Typically, the gate dielectric 

20 that is employed has a dielectric constant greater than 4.0, with a dielectric constant of greater 

than 8.0 being more typical. Such dielectric materials are referred to herein as a high k 

dielectric. Exemplary high k dielectrics include, but are not limited to, Hf02, Zr02, La203, 

A1203, Ti02, SrTi03, LaA103, Y203, HfOxNy, ZrOxNy, La2OxNy, Al2OxNy, TiOxNy, SrTiOxNy, 

LaA10xNy, Y2OxNy, a silicate thereof, and an alloy thereof. Multilayered stacks of these high k 

materials can also be employed as the gate dielectric 20. Each value of x is independently from 

0.5 to 3 and each value of y is independently from 0 to 2. 

[0029] The thickness of the gate dielectric 20 may vary depending on the technique used to form 

the same. Typically, the gate dielectric 20 has a thickness from 1 nm to 10 nm, with a thickness 

from 2 nm to 5 nm being more typical. When a high k gate dielectric is employed as the gate 

dielectric 20, the high k gate dielectric can have an effective oxide thickness on the order of, or 
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less than, 1 nm. 

[0030] The gate dielectric 20 can be formed by methods well known in the art. In one 

embodiment, the gate dielectric 20 can be formed by a deposition process such as, for example, 

chemical vapor deposition (CVD), physical vapor deposition (PVD), molecular beam deposition 

(MBD), pulsed laser deposition (PLD), liquid source misted chemical deposition (LSMCD), and 

atomic layer deposition (ALD). Alternatively, the gate dielectric 20 can be formed by a thermal 

process such as, for example, thermal oxidation and/or thermal nitridation. 

[0031] The gate electrode 22 comprises any conductive material including, but not limited to, 

polycrystalline silicon, polycrystalline silicon germanium, an elemental metal, (e.g., tungsten, 

titanium, tantalum, aluminum, nickel, ruthenium, palladium and platinum), an alloy of at least 

one elemental metal, an elemental metal nitride (e.g., tungsten nitride, aluminum nitride, and 

titanium nitride), an elemental metal silicide (e.g., tungsten silicide, nickel silicide, and titanium 

silicide) and multilayered combinations thereof. In one embodiment, the gate electrode 22 is 

comprised of an nFET metal gate. In another embodiment, the gate electrode 22 is comprised of 

a pFET metal gate. In a further embodiment, the gate electrode 22 is comprised of 

polycrystalline silicon. The polysilicon gate can be used alone, or in conjunction with another 

conductive material such as, for example, a metal gate electrode material and/or a metal silicide 

gate electrode material. 

[0032] The gate electrode 22 can be formed utilizing a conventional deposition process 

including, for example, chemical vapor deposition (CVD), plasma enhanced chemical vapor 

deposition (PECVD), evaporation, physical vapor deposition (PVD), sputtering, chemical 

solution deposition, atomic layer deposition (ALD) and other like deposition processes. When 

Si-containing materials are used as the gate electrode 22, the Si-containing materials can be 

doped within an appropriate impurity by utilizing either an in-situ doping deposition process or 

by utilizing deposition, followed by a step such as ion implantation or gas phase doping in which 

the appropriate impurity is introduced into the Si-containing material. When a metal silicide is 

formed, a conventional silicidation process is employed. 
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[0033] The as-deposited gate electrode 22 typically has a thickness from 10 nm to 100 nm, with 

a thickness from 20 nm to 50 nm being even more typical. 

[0034] In some embodiments, optional gate electrode cap 24 can be formed atop the gate 

electrode 22. The optional gate electrode cap 24 includes a dielectric oxide, nitride, oxynitride or 

any combination thereof including multilayered stacks. In one embodiment, the optional 

dielectric electrode cap 24 is comprised of silicon nitride. When the optional gate electrode cap 

24 is present, the optional gate electrode cap 24 is formed utilizing a conventional deposition 

process well known to those skilled in the art including, for example, CVD and PECVD. 

Alternatively, the optional gate electrode cap 24 can be formed by a thermal process such as, for 

example, oxidation and/or nitridation. The thickness of the optional gate electrode cap 24 may 

vary depending on the exact cap material employed as well as the process that is used in forming 

the same. Typically, the optional gate electrode cap 24 has a thickness from 5 nm to 200 nm, 

with a thickness from 10 nm to 50 nm being more typical. The optional gate electrode cap 24 is 

typically employed when the gate electrode 22 is composed of a Si-containing material such as 

polysilicon. 

[0035] The initial structure 10 shown in FIG. 1 can also include at least one spacer 26 whose 

base is located on an upper surface of the semiconductor substrate 12. An edge of the at least 

one spacer 26 is located on a sidewall of the at least one FET gate stack 18. The at least one 

spacer 26 includes any dielectric material such as, for example, an oxide, a nitride, an oxynitride 

or any combination thereof. Typically, but not necessarily always, the at least one spacer 26 is 

comprised of a different material than the optional gate electrode cap 24. In one embodiment, 

the at least one spacer 26 is comprised of silicon oxide or silicon nitride. In another 

embodiment, the at least one spacer 26 includes a thin inner spacer, and a wider (relative to the 

inner spacer) outer spacer. In such an embodiment, the thin inner spacer can be comprised of 

silicon oxide, while the wider outer spacer can be comprised of silicon nitride. 
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[0036] The at least one spacer 26 can be formed utilizing processes that are well known to those 

skilled in the art. For example, the at least one spacer 26 can be formed by deposition of the 

spacer material, followed by etching. The width of the at least one spacer 26, as measured at its 

base, is typically from 2 nm to 50 nm, with a width, as measured at its base, from 5 nm to 15 nm 

being more typical. 

[0037] The initial structure 10 shown in FIG. 1 further includes extension regions 28 that are 

located within the semiconductor substrate 12 at the footprint of each of the FET gate stacks. In 

FIG. 1, one of the regions labeled as 28 is a source extension region, while the other region 

labeled as 28 is a drain extension region. The extension regions 28 can be formed into the 

semiconductor substrate 12 utilizing an extension ion implantation process that is well known to 

those skilled in the art. The at least one FET gate stack 18 and, if present, the at least one spacer 

26, serve as an implantation mask during the extension ion implant process in the FET device 

region 14. 

[0038] After implanting the extension regions 28, an anneal can be used to activate the extension 

regions 28. The anneal, which can be performed any time after the ion implantation step, is 

typically performed at a temperature greater than 800°C, with a temperature of greater than 

850°C being more typical. Anneal can be performed utilizing any conventional anneal process. 

Examples of anneals that can be employed include, for example, a rapid thermal anneal, a 

furnace anneal, a laser anneal, a microwave anneal, or a combination of those techniques. The 

duration of anneal, i.e., the annealing time, may vary depending on the exact anneal process 

utilized as well as the temperature of the anneal. Typically, anneal is performed for a time 

period of 10 minutes or less. Anneal is typically performed in an inert ambient such as, for 

example, helium, nitrogen, and/or argon. In some embodiments, the annealing can be performed 

utilizing a forming gas (a mix of hydrogen and nitrogen). 

[0039] It is observed that the portion of the semiconductor substrate 12 that is located beneath 

the at least one FET gate stack 18 which is bounded by the extension regions 28 is the device 

channel 40. 
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[0040] In some embodiments, an optional halo implant is performed that forms optional halo 

regions (not shown) within the semiconductor substrate 12 of the initial structure 10. The 

optional halo implant can be performed utilizing any conventional halo implant, such as an 

angled halo ion implant, that is well known to those skilled in the art. After the optional halo 

implant, an optional halo activation anneal is typically performed at a temperature of 1350°C or 

less. In one embodiment, the optional halo activation anneal can include a laser anneal or rapid 

thermal anneal. 

[0041] Referring to FIG. 2, there is shown the structure of FIG. 1 after forming recessed regions 

30 within the semiconductor substrate 12 at the footprint of the at least one FET gate stack 18. 

The recessed regions 30 are formed on opposite sides of the FET gate stack as shown in FIG. 2; 

one of the recessed regions 30 can be referred to as a source trench, while the other recessed 

region can be referred to as a drain trench. The recessed regions 30, e.g., trenches, are formed 

utilizing an etching technique that is well known to those skilled in the art. The at least one FET 

gate stack 18, and if present, the at least one spacer 26 serve as an etch mask during the etching 

process. The etching process selectively removes exposed portions of the semiconductor 

substrate 12 that are not protected by the at least one FET gate stack 18 and, if present, the at 

least one spacer 26. The depth of each of the recessed regions 30, as measured from the top 

surface of the substrate 12 to the bottom of the recessed region 30, is typically from 20 nm to 150 

nm, with from 30 nm to 70 nm being more typical. 

[0042] The etching that can be used in forming each of the recessed regions 30 includes wet 

etching, dry etching or a combination of wet and dry etching. In one embodiment, an anisotropic 

etch is employed in forming each of the recessed regions 30. In another embodiment, an 

isotropic etch is employed in forming each of the recessed regions 30. In a further embodiment, 

a combination of anisotropic etching and isotropic etching can be employed in forming each of 

the recessed regions 30. When a dry etch is employed in forming each of the recessed regions 

30, the dry etch can include one of reactive ion etching (RIE), plasma etching, ion beam etching 

and laser ablation. When a wet etch is employed in forming each of the recessed regions 30, the 
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wet etch includes any chemical etchant, such as, for example, ammonium hydroxide that 

selectively etches the exposed FET device region 14 of the semiconductor substrate 12. In some 

embodiments, a crystallographic etching process can be used in forming each of the recessed 

regions 30. 

[0043] In the embodiment illustrated in FIG. 2, the etching provides recessed regions 30 within 

the semiconductor substrate 12 that have substantially straight sidewalls 32. The substantially 

straight sidewalls 32 may have some taper. 

[0044] In an alternative embodiment (not shown), a structure can be formed having faceted 

recessed regions. The alternative structure can be formed utilizing a dry etching process, 

followed by a lateral wet etching process. The lateral wet etch process can include, for example, 

ammonium hydroxide. 

[0045] Referring to FIG. 3, there is shown the structure of FIG. 2 after forming a pre-embedded 

stressor element 33 within each of the recessed regions 30. Each pre-embedded stressor element 

33 includes a material stack comprising, from bottom to top, a first layer 35 of a first epitaxy 

doped semiconductor material, a second layer 36 of a second epitaxy doped semiconductor 

material, a delta monolayer of a dopant 37, and a third layer 38 of a third epitaxy doped 

semiconductor material. The delta monolayer of a dopant 37 includes a layer of an n-type 

dopant or a p-type dopant that is located between the second layer 36 and the third layer 38. In 

some embodiments, a delta monolayer of a dopant can be located within the first layer 35, the 

second layer 36 and/or the third layer 38. These particular embodiments are not shown in the 

drawings of the present application. 

[0046] The term "pre-embedded stressor element" is used at this stage of the process since the 

third layer of the pre-embedded stressor element is converted into a metal semiconductor alloy 

during a subsequent anneal step. Thus, after this subsequent anneal an embedded stressor 

element is provided that includes, from bottom to top, the first layer 35, the second layer 36 and 

the delta monolayer of dopant 37. 
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[0047] As stated above, the first layer 35 of each pre-embedded stressor element 33 is comprised 

of a first epitaxy doped semiconductor material. The first epitaxy doped semiconductor material 

has a different lattice constant than the lattice constant of the semiconductor substrate 12 and 

therefore it is capable of enhancing the electron mobility in the device channel 40. In one 

embodiment, and when the semiconductor substrate 12 is composed of silicon and when a pFET 

gate stack is present, the first layer 35 of the first epitaxy doped semiconductor material is 

composed of SiGe or SiGe:C. In another embodiment, and when the semiconductor substrate 12 

is composed of silicon and when an nFET gate stack is present, the first layer 36 of the first 

epitaxy doped semiconductor material is composed of Si:C, i.e., silicon doped with carbon. 

[0048] The dopant within the first layer 35 can be a p-type dopant for a pFET gate stack or an n-

type dopant for an nFET gate stack. The term 'p-type dopant' denotes an atom from Group TTTA 

of the Periodic Table of Elements including for example, B, Al, Ga and/or In. Of these Group 

TUB Elements, and in one embodiment of the invention, B is employed. The term 'n-type 

dopant' denotes an atom from Group VA of the Periodic Table of Elements including for 

example, P, As and/or Sb. Of these Group VA Elements, and in one embodiment of the 

invention, P is employed. It is noted that the nomenclature IIIB and VA is from a CAS version 

of the Periodic Table of Elements. 

[0049] Notwithstanding the type of dopant within the first layer 35, the dopant present in first 

layer 35 of first epitaxy doped semiconductor material is in a range from 5E19 atoms/cm to 
3 3 3 1E21 atoms/cm with a dopant concentration from 1E20 atoms/cm to 7E20 atoms/cm being 

more typical. 

[0050] The first layer 35 of the first epitaxy doped semiconductor material fills a lower portion 

of each of the recessed regions 30 and can extend up to, but typically not beyond, a lower surface 

of the extensions regions 28. 
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[0051] The first layer 35 of each pre-embedded stressor element 33 is formed into the recessed 

regions 30 utilizing any in-situ doped epitaxial growth process that is well known to those skilled 

in the art. The epitaxial growth ensures that the first layer 35 of the first epitaxy doped 

semiconductor material is crystalline and has a same crystallographic structure as that of the 

surface of the semiconductor substrate 12 in which the first layer 35 is formed. The in-situ 

doped epitaxial growth process typically employs a precursor gas mixture in which the dopant 

atoms are present. The types of precursors used in forming the first layer 35 of the first epitaxy 

doped semiconductor material are well known to those skilled in the art. 

[0052] The second layer 36 of each pre-embedded stressor element 33 is formed on the upper 

surface of the first layer 35 as well as on any exposed sidewalls of the semiconductor substrate 

12 not including the first layer 35. The second layer 36 of each pre-embedded stressor element 

33 includes a second epitaxy doped semiconductor material that may include the same or 

different, preferably the same, epitaxy semiconductor material as the first layer 35. The second 

layer 36 of each pre-embedded stressor element 33 typically has the same lattice constant as first 

layer 35. The dopant within the second epitaxy doped semiconductor material is the same 

conductivity type dopant as that of the first epitaxy doped semiconductor material. The content 

of dopant within the second epitaxy doped semiconductor material is however greater than the 

content of dopant within the first epitaxy semiconductor material. Because the first layer 35 of 

the first epitaxy doped semiconductor material has a lower content of dopant as compared to the 

second layer 36 of the second epitaxy doped semiconductor material, the first layer 35 is capable 

of retarding out diffusion of dopants from the second layer 36. The second layer 36 of each pre-

embedded stressor element 33 can have a dopant concentration from 5E21 atoms/cm to 3E22 
3 3 3 atoms/cm , with a dopant concentration from 8E19 atoms/cm to 4E20 atoms/cm being more 

typical. 

[0053] The second layer 36 which essentially fills the remaining portion of each recess regions 

30 can be formed by a conventional epitaxial growth process including the in-situ doped 

conformal epitaxy process mentioned above with respect to the first epitaxy semiconductor 

material of the first layer 35. Any known precursor can be used in forming the second layer 36. 
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In some embodiments, the first and second layers 35, 36 of each pre-embedded stressor element 

33 can be formed without breaking vacuum between the formation of these layers. In other 

embodiments, the first and second layers 35, 36 of each pre-embedded stressor element 33 are 

formed by breaking vacuum between each epitaxial growth step. 

[0054] As mentioned above, each pre-embedded stressor element 33 also includes a delta 

monolayer of a dopant (n-type or p-type) 37 located on the second layer 36. The delta 

monolayer of a dopant 37 is essentially coplanar with the remaining surface of the semiconductor 

substrate 12 that is located beneath the at least one gate stack 18. The dopant within the delta 

monolayer 37 matches the dopant within the first and second epitaxy doped semiconductor 

materials. Thus, for example, when the first and second epitaxy doped semiconductor materials 

include a p-type, then the delta monolayer 37 also includes a p-type. Likewise, when the first 

and second epitaxy doped semiconductor materials include an n-type, then the delta monolayer 

37 also includes an n-type. 

[0055] The delta monolayer 37, which includes only dopant atoms, is formed by interrupting the 

growth of at least the second epitaxy doped semiconductor material and thereafter depositing the 

delta monolayer 37 utilizing rapid thermal chemical vapor deposition (RTCVD). The delta 

monolayer 37 is a thin layer whose thickness is approximately from 0.5 nm to 3 nm; other 

thicknesses can also be employed. 

[0056] Once the delta monolayer 37 is formed, the third layer 38 of the third epitaxy doped 

semiconductor can be formed. The third layer 38 of the third epitaxy doped semiconductor 

material typically has the same composition (i.e., semiconductor material and dopant) as that of 

the first epitaxy doped semiconductor material. Although the third layer 38 typically has the 

same composition as that of the first epitaxy doped semiconductor material, the third layer 37 

can have the same or different, typically the same, dopant concentration as that of the first 

epitaxy doped semiconductor material. The third layer 37 of each pre-embedded stressor element 

33 can be formed using one of the procedures described above for forming the first layer 35 of 

the first epitaxy doped semiconductor material. The third layer 37 of the third expitaxy doped 

17 



WO 2011/162977 PCT/US2011/039892 

semiconductor material extends above the upper surface of the original semiconductor substrate 

12. 

[0057] It is observed that when CMOS devices are to be fabricated, one type of pre-embedded 

stressor element can be formed into the pFET device region, while another type of pre-embedded 

stressor element can be formed into the nFET device region. This can be achieved by following 

the procedure mentioned above for forming one type of pre-embedded stressor element in one of 

the device regions (pFET or nFET device region), while utilizing a block mask over the other 

device region. The block mask can be removed and a second block mask can be formed atop the 

device region that includes the one type of embedded stressor element. The above procedure can 

then be repeated to form another type of embedded stressor element within the device region not 

protected by the second block mask. 

[0058] It is thus emphasized that the present disclosure provides a pre-embedded stressor 

element for an nFET and/or a pre-embedded stressor element for a pFET. 

[0059] Referring now to FIG. 4 there is shown the structure of FIG. 3 after further CMOS 

processing including formation of another spacer 44 (which can be referred to herein as an outer 

spacer relative to spacer 26) and formation of a source region and drain region (not specifically 

shown in the drawings of the present application). The source region and the drain region are 

collectively referred to herein as source/drain regions. The source/drain regions are typically 

formed within the second layer 36 of the second epitaxy doped semiconductor material described 

above. In some embodiments and prior to the formation of the another spacer 44, the optional 

gate electrode cap 24 can be removed from the structure. The removal of the optional gate 

electrode cap 24 can be performed utilizing an etchant that selectively removes the gate electrode 

cap material relative to the at least one spacer 26, the underlying gate electrode 22 and the third 

layer 38 of each embedded stressor element 34. An example of such an etchant includes, but is 

not limited to reactive ion etching. 
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[0060] Spacer 44 is formed utilizing the same or different process as used in forming the at least 

one spacer 26. Spacer 44 can be comprised of the same or different dielectric material as the at 

least one spacer 26. In one embodiment, spacer 44 is composed of a different dielectric material 

as compared to the at least one spacer 26. In one embodiment, spacer 44 is a spacer defining 

silicide proximity. Spacer 44 can be formed by a conventional silicide process and etching. 

[0061] In some embodiments, and prior to the formation of spacer 44, the at least one spacer 26 

can be removed and spacer 44 is formed in direct contact with sidewalls of the at least one FET 

gate stack 18. In the illustrated embodiment, a lateral edge of spacer 44 is in direct contact with 

a sidewall of the at least one spacer 26. 

[0062] After formation of spacer 44, source/drain regions are formed into at least the second 

layer 36 of each of the pre-embedded stressor elements 33. The source/drain regions are formed 

utilizing a source/drain ion implantation process followed by annealing. Spacer 44 serves as an 

ion implantation mask. 

[0063] Still referring to FIG. 4, a metal semiconductor alloy contact 45 is formed utilizing any 

process that is capable of converting the third layer 38 of the third epitaxy doped semiconductor 

material into a metal semiconductor alloy. It is noted that after this converting process an 

embedded stressor element 34 is provided that includes, from bottom to top, the first layer 35, 

the second layer 36 and the delta monolayer of dopant 37. 

[0064] In one embodiment, the metal semiconductor alloy contact 45 is formed utilizing a 

silicide process. The silicide process can be self-aligned to the outer edge of the other spacer 44. 

The silicide process includes forming a metal capable of forming a metal semiconductor alloy 

when reacted with the third layer 38 of the third epitaxy doped semiconductor material. The 

metal used in forming the metal semiconductor alloy contact 45 can include, but is not limited to, 

tantalum, titanium, tungsten, ruthenium, cobalt, nickel, or any suitable combination of those 

materials. A diffusion barrier such as titanium nitride or tantalum nitride can be formed atop the 

metal. An anneal is performed that causes reaction between the metal and the underlying third 
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layer of the third epitaxy doped semiconductor material forming metal semiconductor alloy 

contacts 45. It is observed that the metal semiconductor alloy contacts formed include a 

semiconductor material (as present in the third layer 38), a metal as defined above, and a dopant 

(as present in the third layer 38). Typically, the anneal is performed at a temperature of at least 

250°C or above. A single anneal step or multiple anneal steps can be used. Any non-reacted 

metal and the optional diffusion barrier are removed after the anneal has been performed. In 

some embodiments, a metal semiconductor alloy contact can be formed directly atop the gate 

electrode 22, when the optional gate electrode cap 24 is removed and the gate electrode 22 is 

composed of a Si-containing material. 

[0065] Reference is now made to FIG. 5 which illustrates a CMOS structure 100 that can be 

formed utilizing the basic processing steps mentioned above. Specifically, the CMOS structure 

100 illustrated in FIG. 5 includes at least one pFET gate stack 18' and at least one nFET gate 

stack 18" located on an upper surface of a semiconductor substrate 12. An isolation region 102 

is present between the at least one pFET gate stack 18' and the at least one nFET gate stack 18". 

[0066] Each of the at least one pFET gate stack 18' and the at least one nFET gate stack 18" 

includes a gate dielectric 20, a gate electrode 22 and an optional dielectric cap 24 as mentioned 

above. Spacers 26 can also be present on sidewalls of each of the gate stacks. Each of the FET 

gate stacks further includes a source extension region and a drain extension region (collectively 

referred to as extension regions 28) located within the semiconductor substrate 12 at a footprint 

of both the at least one pFET gate stack 18' and the at least one nFET gate stack 18". A device 

channel 40 is located between the extension regions 28 of each of the FET gate stacks. pFET 

embedded stressor elements 34' are located on opposite sides of the at least one pFET gate stack 

18' and within the semiconductor substrate 12, and nFET embedded stressor elements 34" are 

located on opposite sides of the at least one nFET gate stack 18"and within the semiconductor 

substrate 12. Each of the embedded stressor elements includes a first layer (35', 35") of a first 

epitaxy doped semiconductor material having a lattice constant that is different from a lattice 

constant of the semiconductor substrate 12 and imparts a strain in the device channel 40, and an 

second layer (36', 36") of a second epitaxy doped semiconductor material located atop the first 
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layer, wherein the first layer of the first epitaxy doped semiconductor material has a lower 

content of dopant as compared to the second layer of the second epitaxy doped semiconductor 

material. Each embedded stressor element also includes a monolayer of dopant (37', 37") that is 

located on an upper surface of the second layer (36', 36") of each embedded stressor element. A 

metal semiconductor alloy 45 is present atop the at least one monolayer of dopants (37', 37") in 

each of the device regions. The structure shown in FIG. 5 also shows the presence of another 

spacer 44. The another spacer 44 is located atop a portion of the third layer (38' and 38") that 

remains in the structure. 

[0067] It is emphasized that the presence of the delta monolayer between the metal 

semiconductor alloy and the second layer of the embedded stressor element significantly 

improves the overall contact resistance of the semiconductor structure compared with a 

semiconductor structure in which a delta monolayer of dopant is not present between an upper 

layer of an embedded stressor element and an overlying metal semiconductor alloy contact. 

Since the overall contact resistance is improved the structures of this disclosure exhibit better 

performance as compared to prior art structures not including the delta monolayer of dopant 

between the metal semiconductor alloy contact and the upper layer of the embedded stressor 

element. Also, since the delta monolayer disclosed herein is thin, the presence of the same does 

not alter the strain characteristics to the device channel. 

[0068] Moreover, since the dopants within the delta monolayer are not consumed during the 

above processing steps no silicide piping is observed. As such, the process mentioned in this 

disclosures improves the device yield. 

[0069] In some embodiments, improved channel strain (compressive) is achieved because the 

metal semiconductor alloy (tensile) is above and away from the device channel. 

[0070] Also, since the metal semiconductor alloy contacts are raised relative to the initial surface 

of the substrate, the raised metal semiconductor alloy contact provides improved device 

performance. 
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[0071] While the present invention has been particularly shown and described with respect to 

preferred embodiments thereof, it will be understood by those skilled in the art that the foregoing 

and other changes in forms and details may be made without departing from the spirit and scope 

of the present invention. It is therefore intended that the present invention not be limited to the 

exact forms and details described and illustrated, but fall within the scope of the appended 

claims. 

INDUSTRIAL APPLICABILITY 

[0072] The present invention finds industrial applicability in the design and fabrication of high-

performance semiconductor Field Effect Transistor (FET) devices incorporated in integrated 

circuit chips that find application in a large variety of electronic and electrical apparatus. 
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CLAIMS 

What is claimed is: 

1. A semiconductor structure comprising: 

at least one FET gate stack 18 located on an upper surface of a semiconductor substrate 

12, the at least one FET gate stack including a source extension region 28 and a drain extension 

region 28 located within the semiconductor substrate at a footprint of the at least one FET gate 

stack, and a device channel 40 located between the source extension region and the drain 

extension region and beneath the at least one gate stack; 

embedded stressor elements 33 located on opposite sides of the at least one FET gate 

stack and within the semiconductor substrate, wherein each embedded stressor element includes, 

from bottom to top, a first layer of a first epitaxy doped semiconductor material 35 having a 

lattice constant that is different from a lattice constant of the semiconductor substrate and imparts 

a strain in the device channel, a second layer of a second epitaxy doped semiconductor material 

36 located atop the first layer, wherein the first layer of the first epitaxy doped semiconductor 

material has a lower content of dopant as compared to the second layer of the second epitaxy 

doped semiconductor material, and a delta monolayer of dopant 37 located on the upper surface 

of the second layer of the second epitaxy dopant semiconductor material; and 

a metal semiconductor alloy 45 located on an upper surface of the delta monolayer of 

dopant. 

2. The semiconductor structure of Claim 1 wherein the semiconductor substrate 12 is made of 

bulk Si or silicon-on-insulator. 

3. The semiconductor structure of Claim 1 wherein the at least one FET gate stack is a pFET 

gate stack 18', and wherein the first layer of each embedded stressor element 33' includes SiGe 

or SiGe:C. 
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4. The semiconductor structure of Claim 1 wherein the at least one FET gate stack is an nFET 

gate stack 18", and wherein the first layer of each embedded stressor element 33" includes Si:C. 

5. The semiconductor structure of Claim 3 wherein the first and second epitaxy doped 

semiconductor materials include a p-type dopant and the delta monolayer of dopant is also p-

type. 

6. The semiconductor structure of Claim 4 wherein the first and second epitaxy doped 

semiconductor materials include an n-type dopant and the delta monolayer of dopant is also n-

type. 

7. The semiconductor structure of Claim 1 further comprising a silicide spacer 26 that is located 

adjacent the at least one FET gate stack 18 and atop a third layer of a third epitaxy doped 

semiconductor material 38. 

8. A semiconductor structure comprising: 

at least one pFET gate stack 18' and at least one nFET gate stack 18" located on an upper 

surface of a semiconductor substrate 12, each of the at least one pFET gate stack and the at least 

one nFET gate stack includes a source extension region 28 and a drain extension region 28 

located within the semiconductor substrate at a footprint of both the at least one pFET gate stack 

and the at least one nFET gate stack, and a device channel 40 located between the source 

extension region and the drain extension region and beneath each of the gate stacks; 

pFET embedded stressor elements 33' located on opposite sides of the at least one pFET 

gate stack 18' and within the semiconductor substrate, and nFET embedded stressor elements 

33" located on opposite sides of the at least one nFET gate stack 18" and within the 

semiconductor substrate 12, wherein each of the embedded stressor elements includes, from 

bottom to top, a first layer of a first epitaxy doped semiconductor material 35', 35" having a 

lattice constant that is different from a lattice constant of the semiconductor substrate and imparts 

a strain in the device channel, a second layer of a second epitaxy doped semiconductor material 

36', 36" located atop the first layer, wherein the first layer of the first epitaxy doped 
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semiconductor material has a lower content of dopant as compared to the second layer of the 

second epitaxy doped semiconductor material, and a monolayer of dopant 37', 37" located on an 

upper surface of the second layer of each of the embedded stressor elements; and 

a metal semiconductor alloy 45 located on an upper surface of the delta monolayer of 

dopant 37. 

9. The semiconductor structure of Claim 8 wherein the first layer of each of the pFET embedded 

stressor elements 33' includes SiGe or SiGe:C. 

10. The semiconductor structure of Claim 8 wherein the first layer of each of the nFET 

embedded stressor 33" elements includes Si:C. 

11. The semiconductor structure of Claim 9 wherein the first and second epitaxy doped 

semiconductor materials of the pFET stressor elements include a p-type dopant and the 

monolayer of dopant is also p-type. 

12. The semiconductor structure of Claim 10 wherein the first and second epitaxy doped 

semiconductor materials of the nFET stressor elements include an n-type dopant and the 

monolayer of dopant is also n-type. 

13. The semiconductor structure of Claim 9 further comprising a silicide spacer 26 that is 

located adjacent each of FET gate stacks and atop a third layer of a third epitaxy doped 

semiconductor material. 

14. A method of fabricating a structure comprising: 

forming at least one FET gate stack 18 on an upper surface of a semiconductor substrate; 

forming a source extension region 28 and a drain extension region 28 within the 

semiconductor substrate 12 at the footprint of the at least one FET gate stack; 

forming recessed regions on opposite sides of the at least one FET gate stack and within 

the semiconductor substrate; 
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forming pre-embedded stressor elements 33 substantially within the recessed regions, 

wherein each of the pre-embedded stressor elements includes, from bottom to top, a first layer of 

a first epitaxy doped semiconductor material 35 having a lattice constant that is different from a 

lattice constant of the semiconductor substrate and imparts a strain in the device channel, a 

second layer of a second epitaxy doped semiconductor material 36 located atop the first layer, 

wherein the first layer of the first epitaxy doped semiconductor material has a lower content of 

dopant as compared to the second layer of the second epitaxy doped semiconductor material, a 

delta monolayer of dopant 37 located on an upper surface of the second layer, and a third layer of 

epitaxy doped semiconductor layer 38 located atop the delta monolayer; and 

converting a portion of the third layer of the pre-embedded stressor element into a metal 

semiconductor alloy contact 45, wherein said metal semiconductor alloy contact is located 

directly an upper surface of the delta monolayer 37. 

15. The method of Claim 14 wherein the first, second and third layers of each pre-embedded 

stressor element are formed by an in-situ doped epitaxial growth process. 

16. The method of Claim 14 wherein the delta monolayer of dopant is formed by atomic layer 

deposition, the atomic layer deposition occurs by interrupting growth of the second layer of the 

second epitaxy doped semiconductor material. 

17. The method of Claim 14 wherein said converting includes a silicidation process. 

18. The method of Claim 14 wherein the at least one FET gate stack is a pFET gate stack, the 

first layer of each of the embedded stressor elements includes SiGe or SiGe:C, the first and 

second epitaxy doped semiconductor materials include a p-type dopant, and the delta monolayer 

of dopant includes a p-type dopant. 

19. The method of Claim 14 wherein the at least one FET gate stack is an nFET gate stack, the 

first layer of each of the embedded stressor elements includes Si:C, the first and second epitaxy 
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doped semiconductor materials include an n-type dopant, and the delta monolayer of dopant 

includes an n-type dopant. 

20. The method of Claim 14 further comprising forming a silicide spacer adjacent to said at least 

one gate stack, wherein a bottom surface of said silicide spacer is located atop a remaining 

portion of the third layer of the third epitaxy doped semiconductor material, said silicide spacer 

is formed prior to said converting. 
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