
 

1 

 

SEMICONDUCTOR DEVICES 

 

CROSS-REFERENCE TO RELATED APPLICATION 

[0001] This patent application claims priority to Korean Patent Application No. 

10-2017-0115343 filed on September 8, 2017, the entire contents of which are 

incorporated herein by reference. 

 

TECHNICAL FIELD 

[0002] The present inventive concepts relate to semiconductor devices, and 

more particularly, to semiconductor devices including a gate-all-around type 

transistor. 

 

BACKGROUND 

[0003] Semiconductor devices are useful in the electronic industry because of 

their small size, multi-functionality, and/or low fabrication cost. Semiconductor 

devices may be categorized, for example, as a semiconductor memory device for 

storing logic data, a semiconductor logic device for processing operations of logic 

data, and/or a hybrid semiconductor device having both memory and logic elements. 

Semiconductor devices have been increasingly used for high integration within the 

electronic industry. For example, semiconductor devices have been increasingly 

utilized for their high reliability, high speed, and/or multi-functionality. 

Semiconductor devices have become more complex and integrated to meet these 

beneficial characteristics. 

 

SUMMARY 

[0004] Some embodiments of the present inventive concepts provide 

semiconductor devices including gate-all-around type transistors with various 

threshold voltages. 

[0005] According to example embodiments of the present inventive concepts, a 

semiconductor device may comprise: first semiconductor patterns vertically stacked 

on a substrate and vertically spaced apart from each other; and a first gate electrode 

on the first semiconductor patterns. The first gate electrode may comprise: a first 
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work function metal pattern on a top surface, a bottom surface, and sidewalls of 

respective ones of the first semiconductor patterns; a barrier pattern on the first work 

function metal pattern; and a first electrode pattern on the barrier pattern. The first 

gate electrode may have a first part between adjacent ones of the first semiconductor 

patterns. The barrier pattern may comprise a first metal nitride layer comprising 

silicon. The barrier pattern and the first electrode pattern may be spaced apart from 

the first part. 

[0006] According to example embodiments of the present inventive concepts, a 

semiconductor device may comprise a first transistor and a second transistor on a 

substrate. Each of the first and second transistors may comprise: semiconductor 

patterns vertically stacked on the substrate and vertically spaced apart from each 

other; and a gate electrode on the semiconductor patterns. The gate electrode of the 

first transistor may comprise a first work function metal pattern and a first electrode 

pattern that are sequentially stacked on an uppermost one of the semiconductor 

patterns of the first transistor. The gate electrode of the second transistor may 

comprise a second work function metal pattern, a barrier pattern, and a second 

electrode pattern that are sequentially stacked on an uppermost one of the 

semiconductor patterns of the second transistor. The first electrode pattern may cover 

the first work function metal pattern. 

[0007] According to example embodiments of the present inventive concepts, a 

semiconductor device may comprise: first semiconductor patterns vertically stacked 

on a substrate; second semiconductor patterns vertically stacked on the substrate; a 

first gate electrode on the first semiconductor patterns; and a second gate electrode 

on the second semiconductor patterns. The first gate electrode may comprise: a first 

work function metal pattern within a space between adjacent ones of the first 

semiconductor patterns and on a top surface, a bottom surface, and sidewalls of 

respective ones of the first semiconductor patterns; and a first electrode pattern on 

the first work function metal pattern. The second gate electrode may comprise: a 

second work function metal pattern within a space between adjacent ones of the 

second semiconductor patterns and on a top surface, a bottom surface, and sidewalls 

of respective ones of the second semiconductor patterns; a second electrode pattern 

on the second work function metal pattern; and a barrier pattern between the second 
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work function metal pattern and the second electrode pattern. The first work function 

metal pattern may comprise a silicon-containing first metal nitride layer. The second 

work function metal pattern may comprise a second metal nitride layer. The barrier 

pattern may comprise a silicon-containing third metal nitride layer. The barrier 

pattern may have a silicon concentration greater than that of the first work function 

metal pattern. 

 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] The above, and other aspects, features, and advantages of the present 

disclosure, will be more clearly understood from the following detailed description 

when taken in conjunction with the accompanying drawings. 

[0009] FIG. 1 illustrates a plan view showing a semiconductor device according 

to example embodiments of the present inventive concepts. 

[00010] FIG. 2A illustrates a cross-sectional view taken along line A-A′ of FIG. 

1. 

[00011] FIG. 2B illustrates a cross-sectional view taken along lines B-B′, C-C′, 

and D-D′ of FIG. 1.  

[00012] FIG. 3 illustrates an enlarged cross-sectional view of a first part in FIG. 

2A, showing the first part of a first transistor included in a semiconductor device 

according to example embodiments of the present inventive concepts. 

[00013] FIG. 4 illustrates an enlarged cross-sectional view of a first part in FIG. 

2A, showing the first part of the first transistor included in a semiconductor device 

according to example embodiments of the present inventive concepts. 

[00014] FIG. 5A illustrates a graph showing an example of a silicon 

concentration profile along line E-E′ of FIG. 4. 

[00015] FIG. 5B illustrates a graph showing another example of a silicon 

concentration profile along line E-E′ of FIG. 4. 

[00016] FIGS. 6, 8, 10, and 12 illustrate plan views showing a method of 

manufacturing semiconductor devices according to example embodiments of the 

present inventive concepts. 

[00017] FIGS. 7A, 9A, 11A, and 13A illustrate cross-sectional views taken along 

line A-A′ of FIGS. 6, 8, 10, and 12, respectively. 
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[00018] FIGS. 7B, 9B, 11B, and 13B illustrate cross-sectional views taken along 

line B-B′ of FIGS. 6, 8, 10, and 12, respectively. 

[00019]  FIGS. 14 to 17 illustrate cross-sectional views showing a method of 

forming first to third gate electrodes according to example embodiments of the 

present inventive concepts. 

 

DETAILED DESCRIPTION 

[00020] FIG. 1 illustrates a plan view showing a semiconductor device according 

to example embodiments of the present inventive concepts. FIG. 2A illustrates a 

cross-sectional view taken along line A-A′ of FIG. 1. FIG. 2B illustrates a 

cross-sectional view taken along lines B-B′, C-C′, and D-D′ of FIG. 1.  

[00021] Referring to FIGS. 1, 2A, and 2B, a substrate 100 may include a first 

region RG1, a second region RG2, and a third region RG3 (referred to herein as first 

to third regions RG1 to RG3). The substrate 100 may be a semiconductor substrate. 

For example, the substrate 100 may be a silicon substrate or a germanium substrate. 

In some embodiments, the substrate 100 may be an SOI (Silicon-On-Insulator) 

substrate. A first transistor, TR1, a second transistor TR2, and a third transistor TR3 

(referred to herein as first to third transistors TR1 to TR3) may be respectively 

provided on the first to third regions RG1 to RG3 of the substrate 100. 

[00022] In some embodiments, the first to third regions RG1 to RG3 of the 

substrate 100 may be or include a memory cell region where a plurality of memory 

cells are formed to store data. For example, the memory cell region of the substrate 

100 may be provided with memory cell transistors included in a plurality of SRAM 

cells. The first to third transistors TR1 to TR3 may be some of the memory cell 

transistors. 

[00023] In some embodiments, the first to third regions RG1 to RG3 of the 

substrate 100 may be or include a logic cell region where logic transistors are to be 

included in a logic circuit of a semiconductor device. For example, logic transistors 

may be on the logic cell region of the substrate 100. The first to third transistors TR1 

to TR3 may be some of the logic transistors. The present inventive concepts, 

however, are not limited thereto. 

[00024] The first to third transistors TR1 to TR3 on the first to third regions RG1 
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to RG3 may have the same conductivity types. For example, the first to third 

transistors TR1 to TR3 on the first to third regions RG1 to RG3 may be PMOSFETs. 

In some embodiments, the first to third transistors TR1 to TR3 on the first to third 

regions RG1 to RG3 may be NMOSFETs. 

[00025] A device isolation layer ST may be provided on the substrate 100. The 

device isolation layer ST may define upper patterns UP on an upper portion of the 

substrate 100. Each of the upper patterns UP may extend on a corresponding one of 

the first to third regions RG1 to RG3. The upper patterns UP may extend in a second 

direction D2. The device isolation layer ST may fill trenches on opposite sides of 

each of the upper patterns UP. The device isolation layer ST may have a top surface 

lower (e.g., closer to the substrate 100) than top surfaces of the upper patterns UP.  

[00026] An active pattern AP may be provided on each of the upper patterns UP. 

For example, the active pattern AP may vertically overlap the upper pattern UP. The 

active pattern AP may have a linear shape extending in the second direction D2. 

[00027] Each of the active patterns AP may include a channel pattern CH and 

source/drain patterns SD. The channel pattern CH may be between a pair of the 

source/drain patterns SD. The channel pattern CH of the first region RG1 may 

include a plurality of first semiconductor patterns NS1 that are vertically stacked. 

The channel pattern CH of the second region RG2 may include a plurality of second 

semiconductor patterns NS2 that are vertically stacked. The channel pattern CH of 

the third region RG3 may include a plurality of third semiconductor patterns NS3 

that are vertically stacked.  

[00028] The first semiconductor patterns NS1 may be spaced apart from each 

other in a third direction D3 perpendicular to a top surface of the substrate 100. The 

first semiconductor patterns NS1 may vertically overlap each other. Each of the 

source/drain patterns SD may be in direct contact with sidewalls of the first 

semiconductor patterns NS1. For example, the first semiconductor patterns NS1 may 

connect a pair of neighboring source/drain patterns SD to each other. The channel 

pattern CH of the first region RG1 may include three first semiconductor patterns 

NS1, as illustrated in FIGS. 2A and 2B, but the number of the first semiconductor 

patterns NS1 is not especially limited to three. The first semiconductor patterns NS1 

may have the same thickness (e.g., in the third direction D3) as each other or 
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different thicknesses from each other. A detailed description of the second and third 

semiconductor patterns NS2 and NS3 may be the same as that of the first 

semiconductor patterns NS1 discussed above.  The first semiconductor patterns 

NS1, the second semiconductor patterns NS2, and the third semiconductor patterns 

NS3 may be referred to herein as the first to third semiconductor patterns NS1 to 

NS3. 

[00029] Respective ones of the first to third semiconductor patterns NS1 to NS3 

at the same level may be formed from the same semiconductor layer. Respective 

ones of the first to third semiconductor patterns NS1 to NS3 at the same level may 

have substantially the same thickness as each other. Respective ones of the first to 

third semiconductor patterns NS1 to NS3 at the same level may have substantially 

the same semiconductor material as each other. For example, the first to third 

semiconductor patterns NS1 to NS3 may include one or more of Si, SiGe, and Ge. 

[00030] The source/drain patterns SD may be or include epitaxial patterns 

formed from the first to third semiconductor patterns NS1 to NS3 and the upper 

patterns UP serving as a seed layer. In some embodiments, when the first to third 

transistors TR1 to TR3 are PMOSFETs, the source/drain patterns SD may include a 

material that provides compressive strain to the channel pattern CH. For example, the 

source/drain patterns SD may include a semiconductor element (e.g., SiGe) whose 

lattice constant is greater than that of a semiconductor element of the channel pattern 

CH. The source/drain patterns SD may be doped with impurities to have P-type 

conductivity. 

[00031] In some embodiments, when the first to third transistors TR1 to TR3 are 

NMOSFETs, the source/drain patterns SD may include a material that provides 

tensile strain to the channel pattern CH. For example, the source/drain patterns SD 

may include a semiconductor element whose lattice constant is less than that of a 

semiconductor element of the channel pattern CH. For other example, the 

source/drain patterns SD may include the same semiconductor element as that of the 

channel pattern CH. The source/drain patterns SD may be doped with impurities to 

have N-type conductivity. 

[00032] First to third gate electrodes GE1, GE2, and GE3 may be provided to 

extend in a first direction D1, and may intersect corresponding channel patterns CH 
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of the first to third regions RG1 to RG3. The first to third gate electrodes GE1, GE2, 

and GE3 may respectively include first to third work function metal patterns WF1, 

WF2, and WF3. The first to third gate electrodes GE1, GE2, and GE3 may 

respectively further include first to third electrode patterns EL1, EL2, and EL3. The 

first to third electrode patterns EL1, EL2, and EL3 may be respectively on the first to 

third work function metal patterns WF1, WF2, and WF3. The first to third electrode 

patterns EL1, EL2, and EL3 may have resistances lower than those of the first to 

third work function metal patterns WF1, WF2, and WF3. For example, the first to 

third electrode patterns EL1, EL2, and EL3 may include one or more low resistance 

metals such as aluminum (Al), tungsten (W), titanium (Ti), and/or tantalum (Ta). 

[00033] The first work function metal pattern WF1 may fill a first space SP1 

between the first semiconductor patterns NS1, the second work function metal 

pattern WF2 may fill a first space SP1 between the second semiconductor patterns 

NS2, and the third work function metal pattern WF3 may fill a first space SP1 

between the third semiconductor patterns NS3. 

[00034] The first space SP1 between the first semiconductor patterns NS1, the 

first space SP1 between the second semiconductor patterns NS2, and the first space 

SP1 between the third semiconductor patterns NS3 may have substantially the same 

size. For example, the first spaces SP1 at the same level (e.g., at a same distance 

from the substrate 100) may have the same length in the third direction D3. 

[00035] The first to third work function metal patterns WF1, WF2, and WF3 may 

respectively surround portions of the first to third semiconductor patterns NS1 to 

NS3 (see FIG. 2B). For example, the first to third work function metal patterns WF1, 

WF2, and WF3 may surround top surfaces, bottom surfaces, and sidewalls of the first 

to third semiconductor patterns NS1 to NS3, respectively. In this sense, each of the 

first to third transistors TR1 to TR3 may be a gate-all-around type field effect 

transistor. 

[00036] The third gate electrode GE3 may further include a barrier pattern BP 

between the third work function metal pattern WF3 and the third electrode pattern 

EL3. The first and second gate electrodes GE1 and GE2 may include no barrier 

pattern BP between their respective work function metal patterns WF1, WF2 and 

electrode patterns EL1, EL2. For example, the first electrode pattern EL1 may be on 
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and directly contact the first work function metal pattern WF1, and the second 

electrode pattern EL2 may be on and directly contact the second work function metal 

pattern WF2. The third electrode pattern EL3 may be on and directly contact the 

barrier pattern BP. 

[00037] For example, each of the first to third gate electrodes GE1, GE2, and 

GE3 may include a first part P1 and a second part P2. The first part P1 may be at the 

first space SP1 between vertically adjacent ones of the first to third semiconductor 

patterns NS1 to NS3. For example, the first part P1 may be a segment interposing 

between the vertically adjacent ones of the first to third semiconductor patterns NS1 

to NS3. 

[00038] The second part P2 may be at the second space SP2 on an uppermost one 

of the first to third semiconductor patterns NS1 to NS3. The second space SP2 may 

be an area adjacent the uppermost one of the first to third semiconductor patterns 

NS1 to NS3 and a pair of gate spacers GS which will be discussed below. For 

example, the second part P2 may be a segment on the uppermost one of the first to 

third semiconductor patterns NS1 to NS3 and disposed between the pair of gate 

spacers GS. 

[00039] The first part P1 of the first gate electrode GE1 may include the first 

work function metal pattern WF1, the first part P1 of the second gate electrode GE2 

may include the second work function metal pattern WF2, and the first part P1 of the 

third gate electrode GE3 may include the third work function metal pattern WF3. 

The first to third electrode patterns EL1, EL2, and EL3 may be spaced apart from the 

first parts P1 of the first to third gate electrodes GE1, GE2, and GE3, respectively. 

For example, the first to third electrode patterns EL1, EL2, and EL3 may not fill the 

first spaces SP1. The barrier pattern BP may be spaced apart from the first part P1 of 

the third gate electrode GE3. For example, the barrier pattern BP may not fill the first 

space SP1 between the third semiconductor patterns NS3. 

[00040] The second part P2 of the first gate electrode GE1 may include the first 

work function metal pattern WF1 and the first electrode pattern EL1 that are 

sequentially stacked. The second part P2 of the second gate electrode GE2 may 

include the second work function metal pattern WF2 and the second electrode pattern 

EL2 that are sequentially stacked. The second part P2 of the third gate electrode GE3 
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may include the third work function metal pattern WF3, the barrier pattern BP, and 

the third electrode pattern EL3 that are sequentially stacked. 

[00041] A pair of gate spacers GS may be on opposite sidewalls of each of the 

first to third gate electrodes GE1, GE2, and GE3. The gate spacers GS may extend in 

the first direction D1 along the first to third gate electrodes GE1, GE2, and GE3. The 

gate spacers GS may have top surfaces higher (e.g., farther from the substrate 100) 

than those of the first to third gate electrodes GE1, GE2, and GE3. The first to third 

work function metal patterns WF1, WF2, and WF3 on the channel patterns CH may 

extend in the third direction D3 along inner sidewalls of the gate spacers GS. For 

example, the gate spacers GS may include one or more of SiCN, SiCON, and SiN. In 

some embodiments, the gate spacers GS may include a multi-layer including two or 

more of SiCN, SiCON, and SiN. 

[00042] Gate capping layers CP may be on the first to third gate electrodes GE1, 

GE2, and GE3. The gate capping layers CP may extend in the first direction D1 

along the first to third gate electrodes GE1, GE2, and GE3. The gate capping layers 

CP may have top surfaces coplanar with those of the gate spacers GS. The gate 

capping layers CP may include a material having an etch selectivity to a first 

interlayer dielectric layer 110 which will be discussed below. For example, the gate 

capping layers CP may include one or more of SiON, SiCN, SiCON, and SiN. 

[00043] Insulation patterns IP may be between the source/drain patterns SD and 

the first to third gate electrodes GE1, GE2, and GE3. The insulation patterns IP may 

lie between the first semiconductor patterns NS1 vertically spaced apart from each 

other, between the second semiconductor patterns NS2 vertically spaced apart from 

each other, and between the third semiconductor patterns NS3 vertically spaced apart 

from each other. The insulation patterns IP may electrically insulate the first to third 

gate electrodes GE1, GE2, and GE3 from the source/drain patterns SD. The first 

space SP1 may be defined by a pair of horizontally adjacent insulation patterns IP 

and a pair of vertically adjacent ones of the semiconductor patterns NS1, NS2, and 

NS3. For example, the insulation patterns IP may include a silicon nitride layer. 

[00044] An interface layer IL may be provided to surround a portion of each of 

the first to third semiconductor patterns NS1, NS2, and NS3. The interface layers IL 

may be on and directly contact the first to third semiconductor patterns NS1, NS2, 
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and NS3. For example, the interface layers IL may include a silicon oxide layer.  

[00045] Gate dielectric layers GI may be between the first to third semiconductor 

patterns NS1, NS2, and NS3 and the first to third gate electrodes GE1, GE2, and 

GE3. In some embodiments, the gate dielectric layers GI may be provided to 

surround a portion of each of the first to third semiconductor patterns NS1, NS2, and 

NS3 with a portion of the interface layer therebetween.  Each of the gate dielectric 

layers GI may conformally fill a portion of the first space SP1. The gate dielectric 

layers GI may include a high-k dielectric material whose dielectric constant is greater 

than that of a silicon oxide layer. For example, the high-k dielectric material may 

include one or more of hafnium oxide, hafnium silicon oxide, lanthanum oxide, 

zirconium oxide, zirconium silicon oxide, tantalum oxide, titanium oxide, barium 

strontium titanium oxide, barium titanium oxide, strontium titanium oxide, lithium 

oxide, aluminum oxide, lead scandium tantalum oxide, and lead zinc niobate. 

[00046] The first transistor TR1 may have a threshold voltage greater than that of 

the second transistor TR2, and the threshold voltage of the second transistor TR2 

may be greater than that of the third transistor TR3. This may be caused by a 

configuration in which the first to third gate electrodes GE1, GE2, and GE3 

respectively include the first to third work function metal patterns WF1, WF2, and 

WF3 that are different from each other. 

[00047] The first work function metal pattern WF1 of the first transistor TR1 

may include a first work function metal layer W1. The second work function metal 

pattern WF2 of the second transistor TR2 may include a first work function metal 

layer W1 and a second work function metal layer W2. The third work function metal 

pattern WF3 of the third transistor TR3 may include a second work function metal 

layer W2.  In some embodiments, the first work function metal layer W1 of the first 

transistor TR1 includes substantially the same composition as the first work function 

metal layer W1 of the second transistor TR2.  In some embodiments, the second 

work function metal layer W2 of the second transistor TR2 includes substantially the 

same composition as the second work function metal layer W2 of the third transistor 

TR3.  However, the present inventive concepts are not limited thereto.  For 

example, in some embodiments, the first work function metal layer W1 of the first 

transistor TR1 may be different than the first work function metal layer W1 of the 
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second transistor TR2, and the second work function metal layer W2 of the second 

transistor TR2 may be different than the second work function metal layer W2 of the 

third transistor TR3. 

[00048] The first work function metal layer W1 may be or include a metal nitride 

layer having a relatively low work function. The first work function metal layer W1 

may be or include a metal nitride layer doped with (or containing) silicon and/or 

aluminum. For example, the first work function metal layer W1 may be or include a 

silicon-doped titanium nitride (TiSiN) layer, a silicon-doped tantalum nitride 

(TaSiN) layer, an aluminum-doped titanium nitride (TiAlN) layer, and/or an 

aluminum-doped tantalum nitride (TaAlN) layer. 

[00049] The first work function metal layer W1 may be altered in its work 

function by controlling a concentration of dopants such as silicon and/or aluminum. 

In this sense, the first work function metal pattern WF1 may be controlled in its work 

function by adjustment of an impurity concentration in the first work function metal 

layer W1. The second work function metal pattern WF2 may also be controlled in its 

work function by adjustment of an impurity concentration in the first work function 

metal layer W1 of the second work function metal pattern WF2. For example, 

impurities (e.g., silicon and/or aluminum) in the first work function metal layer W1 

may have a concentration ranging from about 0.1 at% to about 25 at%. 

[00050] The second work function metal layer W2 may be or include a metal 

nitride layer whose work function is greater than that of the first work function metal 

layer W1. For example, the second work function metal layer W2 may be or include 

a titanium nitride (TiN) layer and/or a titanium oxynitride (TiON) layer. The second 

work function metal layer W2 may substantially contain no impurity (e.g., silicon 

and/or aluminum). 

[00051] The first spaces SP1 filled with the first to third work function metal 

patterns WF1, WF2, and WF3 may have substantially the same size as each other. 

The first work function metal pattern WF1 between the first semiconductor patterns 

NS1, the second work function metal pattern WF2 between the second 

semiconductor patterns NS2, and the third work function metal pattern WF3 between 

the third semiconductor patterns NS3 may have substantially the same thickness as 

each other. 
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[00052] In some embodiments, a combination of the first and second work 

function metal layers W1 and W2 may be used to cause the first to third work 

function metal patterns WF1, WF2, and WF3 to have different work functions from 

each other. In other embodiments, the first work function metal layer W1 may be 

controlled in its doping concentration to cause the first to third work function metal 

patterns WF1, WF2, and WF3 to have different work functions from each other. 

[00053] A metallic material may diffuse more easily into the second work 

function metal layer W2 than into the first work function metal layer W1. If the third 

gate electrode GE3 includes no barrier pattern BP, the third electrode pattern EL3 

may directly contact the second work function metal layer W2. In this case, a 

metallic material in the third electrode pattern EL3 may diffuse into the second work 

function metal layer W2. When the metallic material in the third electrode pattern 

EL3 diffuses into the second work function metal layer W2, the second work 

function metal layer W2 may be changed in its work function, which may eventually 

result in variation in the threshold voltage of the third transistor TR3. 

[00054] According to some embodiments of the present inventive concepts, the 

barrier pattern BP may block or reduce diffusion of the metallic material in the third 

electrode pattern EL3. The barrier pattern BP may have layer characteristics 

preventing or reducing diffusion of metallic material. The barrier pattern BP may 

have high crystallinity or amorphous characteristics. The barrier pattern BP may be 

or include a silicon-doped (or silicon-containing) metal nitride layer. For example, 

the barrier pattern BP may be or include a silicon-doped titanium nitride (TiSiN) 

layer and/or a silicon-doped tantalum nitride (TaSiN) layer. The barrier pattern BP 

may include a material the same as or different from that of the first work function 

metal layer W1. For example, the barrier pattern BP and the first work function metal 

layer W1 may all include a silicon (Si) element. In some embodiments, a silicon 

concentration may be greater in the barrier pattern BP than in the first work function 

metal layer W1. The silicon concentration in the barrier pattern BP may fall within a 

range from about 20 at% to about 50 at%. As the barrier pattern BP may have a 

relatively high silicon concentration, layer characteristics of the barrier pattern BP 

may be substantially amorphous. 

[00055] A first interlayer dielectric layer 110 may be provided on a surface of the 
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substrate 100. The first interlayer dielectric layer 110 may be disposed on the device 

isolation layer ST and the source/drain patterns SD. The first interlayer dielectric 

layer 110 may have a top surface substantially coplanar with those of the gate 

capping layers CP. For example, the first interlayer dielectric layer 110 may include 

a silicon oxide layer and/or a silicon oxynitride layer. 

[00056] Although not shown, contacts may be provided to penetrate the first 

interlayer dielectric layer 110 to connect with the source/drain patterns SD. The 

contacts may include a metallic material such as tungsten (W), titanium (Ti), and/or 

tantalum (Ta). 

[00057] FIG. 3 illustrates an enlarged cross-sectional view of the first part P1 

shown in FIG. 2A, showing the first part P1 of the first transistor TR1 included in a 

semiconductor device according to example embodiments of the present inventive 

concepts. In the embodiment that follows, a detailed description of technical features 

repetitive to those discussed above with reference to FIGS. 1, 2A, and 2B will be 

omitted and differences will be discussed in detail. 

[00058] Referring to FIGS. 1, 2A, 2B, and 3, the first work function metal 

pattern WF1 may include an intermediate layer SL between the first work function 

metal layers W1. The intermediate layer SL may have a thickness less than that of 

each of the first work function metal layers W1. For example, the first work function 

metal layer W1 may be or include a silicon-doped titanium nitride (TiSiN) layer 

and/or a silicon-doped tantalum nitride (TaSiN) layer, and the intermediate layer SL 

may be or include a silicon (SI) layer.  

[00059] FIG. 4 illustrates an enlarged cross-sectional view of the first part P1 

shown in FIG. 2A, showing the first part P1 of the first transistor TR1 included in a 

semiconductor device according to example embodiments of the present inventive 

concepts. FIG. 5A illustrates a graph showing an example of a silicon concentration 

profile along line E-E′ of FIG. 4. FIG. 5B illustrates a graph showing another 

example of a silicon concentration profile along line E-E′ of FIG. 4. In the 

embodiment that follows, a detailed description of technical features repetitive to 

those discussed above with reference to FIGS. 1, 2A, and 2B will be omitted and 

differences will be discussed in detail. 

[00060] Referring to FIGS. 1, 2A, 2B, 4, and 5A, the first work function metal 
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layer W1 may be or include a silicon-doped titanium nitride (TiSiN) layer and/or a 

silicon-doped tantalum nitride (TaSiN) layer. In this case, the first work function 

metal layer W1 may have a silicon concentration gradient internally. For example, 

the first work function metal layer W1 may have a silicon concentration that initially 

increases and then decreases (e.g., varies) as the first work function metal layer W1 

extends from an underlying first semiconductor pattern NS1 toward an overlying 

first semiconductor pattern NS1 (line E-E′) (e.g., in a direction away from the 

substrate 100). Namely, the first work function metal layer W1 may have the highest 

silicon concentration at a middle point between the first semiconductor patterns NS1 

vertically adjacent to each other. 

[00061] Referring to FIGS. 1, 2A, 2B, 4, and 5B, the first work function metal 

layer W1 may have a silicon concentration that initially decreases and then increases 

(e.g., varies) as the first work function metal layer W1 extends from an underlying 

first semiconductor pattern NS1 toward an overlying first semiconductor pattern NS1 

(line E-E′) (e.g., in a direction away from the substrate 100). Namely, the first work 

function metal layer W1 may have the lowest silicon concentration at a middle point 

between the first semiconductor patterns NS1 vertically adjacent to each other. 

[00062] FIGS. 5A and 5B show examples of the silicon concentration gradient of 

the first work function metal layer W1, and the silicon concentration profile in the 

first work function metal layer W1 may be variously changed based on a desired 

threshold voltage of the first transistor TR1. The silicon concentration of the first 

work function metal layer W1 may vary in other ways depending on a distance from 

the first semiconductor pattern NS1. 

[00063] FIGS. 6, 8, 10, and 12 illustrate plan views showing a method of 

manufacturing semiconductor devices according to example embodiments of the 

present inventive concepts. FIGS. 7A, 9A, 11A, and 13A illustrate cross-sectional 

views taken along line A-A′ of FIGS. 6, 8, 10, and 12, respectively. FIGS. 7B, 9B, 

11B, and 13B illustrate cross-sectional views taken along line B-B′ of FIGS. 6, 8, 10, 

and 12, respectively. FIGS. 14 to 17 illustrate cross-sectional views showing a 

method of forming first to third gate electrodes according to example embodiments 

of the present inventive concepts. 

[00064] Referring to FIGS. 6, 7A, and 7B, sacrificial layers 120 and 
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semiconductor layers 130 may be alternately and repeatedly stacked on a surface of a 

substrate 100. The semiconductor layers 130 may be repeatedly stacked three times, 

but the present inventive concepts are not limited thereto. For example, the sacrificial 

layers 120 may include a material having an etch selectivity to the semiconductor 

layers 130. For example, the semiconductor layers 130 may include a material that is 

not etched in a process where the sacrificial layers 120 are etched. Specifically, in the 

process where the sacrificial layers 120 are etched, an etch rate ratio of the sacrificial 

layers 120 to the semiconductor layers 130 may fall within a range from about 10:1 

to about 200:1. For example, the sacrificial layers 120 may include SiGe and/or Ge, 

and the semiconductor layers 130 may include Si. 

[00065] The sacrificial layers 120 and the semiconductor layers 130 may be 

formed by an epitaxial growth process in which the substrate 100 is used as a seed 

layer. The sacrificial layers 120 and the semiconductor layers 130 may be 

successively formed in the same chamber. The sacrificial layers 120 and the 

semiconductor layers 130 may be conformally formed on the entire surface of the 

substrate 100. 

[00066] The sacrificial layers 120, the semiconductor layers 130, and the 

substrate 100 may be patterned to form preliminary active patterns PAP. The 

patterning process may etch an upper portion of the substrate 100 to form upper 

patterns UP. The preliminary active patterns PAP may lie on corresponding upper 

patterns UP. The preliminary active patterns PAP may be formed to have a linear 

and/or bar shape extending in a second direction D2. 

[00067] When the patterning process etches the upper portion of the substrate 

100, trenches may be formed on opposite sides of each of the upper patterns UP. A 

device isolation layer ST may be formed within the trenches. The formation of the 

device isolation layer ST may include forming an insulation layer on the entire 

surface of the substrate 100 and recessing the insulation layer until the preliminary 

active patterns PAP are completely exposed. Accordingly, the device isolation layer 

ST may have a top surface lower (e.g., closer to the substrate 100) than upper 

surfaces of the upper patterns UP. 

[00068] Referring to FIGS. 8, 9A, and 9B, sacrificial gate patterns 140 may be 

formed to intersect the preliminary active patterns PAP. The sacrificial gate patterns 
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140 may be formed to have a linear and/or bar shape extending in a first direction D1. 

Gate mask patterns MP may be provided on corresponding sacrificial gate patterns 

140. The formation of the sacrificial gate patterns 140 and the gate mask patterns MP 

may include sequentially forming on the substrate 100 a sacrificial gate layer and a 

gate mask layer, and sequentially patterning the gate mask layer and the sacrificial 

gate layer. The sacrificial gate layer may include polysilicon, for example. The gate 

mask layer may include a silicon nitride layer and/or a silicon oxynitride layer, for 

example. 

[00069] A pair of gate spacers GS may be formed on opposite sidewalls of each 

of the sacrificial gate patterns 140. For example, the gate spacers GS may include 

one or more of SiCN, SiCON, and SiN. The formation of the gate spacers GS may 

include forming a spacer layer by a deposition process such as CVD or ALD, and 

performing an anisotropic etching process on the spacer layer. 

[00070] Referring to FIGS. 10, 11A, and 11B, the preliminary active patterns 

PAP may be patterned to form channel patterns CH. The preliminary active patterns 

PAP may be patterned by using the gate mask patterns MP and the gate spacers GS 

as an etch mask. The upper patterns UP may therefore be partially exposed through 

the gate mask patterns MP and the gate spacers GS.  

[00071] For example, the sacrificial layers 120 of the preliminary active patterns 

PAP may be patterned to form sacrificial patterns 125. The semiconductor layers 130 

of the preliminary active patterns PAP may be patterned to form first to third 

semiconductor patterns NS1, NS2, and NS3. The first semiconductor patterns NS1 

may constitute the channel pattern CH of a first region RG1, the second 

semiconductor patterns NS2 may constitute the channel pattern CH of a second 

region RG2, and the third semiconductor patterns NS3 may constitute the channel 

pattern CH of a third region RG3. 

[00072] After the patterning process, exposed portions of the sacrificial patterns 

125 may be partially horizontally (e.g., in the second direction D2) removed to form 

depression regions DR. The formation of the depression regions DR may include 

performing an etching process using an etching source that exhibits an etch 

selectivity to the sacrificial patterns 125. For example, when the first to third 

semiconductor patterns NS1, NS2, and NS3 include Si, and when the sacrificial 
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patterns 125 include SiGe, the formation of the depression regions DR may include 

performing an etching process with an etchant including peracetic acid. 

[00073] Insulation patterns IP may be formed to fill the depression regions DR. 

The insulation patterns IP may be vertically spaced apart from each other across the 

first to third semiconductor patterns NS1, NS2, and NS3. For example, an insulation 

layer may be conformally formed on the entire surface of the substrate 100. The 

insulation layer may fill the depression regions DR. After that, the insulation layer 

may be etched until the insulation patterns IP remain locally in the depression 

regions DR. 

[00074] Source/drain patterns SD may be formed on opposite sides of each of the 

channel patterns CH. For example, a selective epitaxial process may be performed 

using the first to third semiconductor patterns NS1, NS2, and NS3 and the upper 

patterns UP as a seed layer, thereby forming the source/drain patterns SD. The 

channel patterns CH and the source/drain patterns SD may be connected to each 

other to constitute an active pattern AP extending in the second direction D2. 

[00075] In some embodiments, the source/drain patterns SD may be formed of a 

material that provides compressive strain to the channel patterns CH. For example, 

the source/drain patterns SD may be formed of SiGe whose lattice constant is greater 

than that of Si. Simultaneously with or after the selective epitaxial process, the 

source/drain patterns SD may be doped with P-type impurities. 

[00076] In some embodiments, the source/drain patterns SD may be formed of 

the same semiconductor element (e.g., Si) as that of the channel pattern CH. 

Simultaneously with or after the selective epitaxial process, the source/drain patterns 

SD may be doped with N-type impurities. 

[00077] Referring to FIGS. 12, 13A, and 13B, a first interlayer dielectric layer 

110 may be formed on the entire surface of the substrate 100. Thereafter, a 

planarization process may be performed on the first interlayer dielectric layer 110 

until top surfaces of the sacrificial gate patterns 140 are exposed. The planarization 

process may include an etch-back process and/or a chemical mechanical polishing 

(CMP) process. When the first interlayer dielectric layer 110 is planarized, the gate 

mask patterns MP may also be removed. For example, the first interlayer dielectric 

layer 110 may be formed of a silicon oxide layer and/or a silicon oxynitride layer. 
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[00078] A process may be performed to selectively remove the sacrificial gate 

patterns 140 exposed when the planarization process is performed. As the sacrificial 

gate patterns 140 are removed, first to third trenches TC1, TC2, and TC3 may be 

respectively formed on first to third regions RG1, RG2, and RG3 of the substrate 100. 

The first to third trenches TC1, TC2, and TC3 may expose the channel patterns CH. 

The first to third trenches TC1, TC2, and TC3 may also expose the sacrificial 

patterns 125. 

[00079] The exposed sacrificial patterns 125 may be selectively removed. For 

example, when the sacrificial patterns 125 include SiGe, and when the first to third 

semiconductor patterns NS1, NS2, and NS3 include Si, the selective etching process 

may be performed using an etchant including peracetic acid. In some embodiments, 

the etchant may include hydrofluoric acid (HF) solution and deionized water. The 

source/drain patterns SD may be covered with the insulation patterns IP and the first 

interlayer dielectric layer 110, and may thereby be protected from the selective 

etching process.  

[00080] The sacrificial patterns 125 may be removed to form first spaces SP1 

and second spaces SP2 on the first to third regions RG1 to RG3. The first space SP1 

may be an area between vertically adjacent ones of the first to third semiconductor 

patterns NS1, NS2, and NS3. The second space SP2 may be an area between a pair 

of the gate spacers GS and on an uppermost one of the first to third semiconductor 

patterns NS1, NS2, and NS3. The first and second spaces SP1 and SP2 may be 

spatially connected to the first to third trenches TC1, TC2, and TC3 to expose the 

first to third semiconductor patterns NS1, NS2, and NS3. 

[00081] Referring back to FIGS. 1, 2A, and 2B, first to third gate electrodes GE1, 

GE2, and GE3 may be respectively formed in the first to third trenches TC1, TC2, 

and TC3. The formation of the first to third gate electrodes GE1, GE2, and GE3 will 

be discussed below with reference to FIGS. 14 to 17. Gate capping layers CP may be 

formed on the first to third gate electrodes GE1, GE2, and GE3. For example, the 

gate capping layers CP may include one or more of SiON, SiCN, SiCON, and SiN. 

Although not shown, contacts may be formed to penetrate the first interlayer 

dielectric layer 110 to connect with the source/drain patterns SD. 

[00082] The formation of the first to third gate electrodes GE1, GE2, and GE3 
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respectively in the first to third trenches TC1, TC2, and TC3 will be discussed below 

with reference to FIGS. 14 to 17.  

[00083] Referring to FIG. 14, an oxidation process using plasma may be 

performed on the first to third semiconductor patterns NS1, NS2, and NS3 exposed 

to the first to third trenches TC1, TC2, and TC3. Interface layers IL may therefore be 

grown from the first to third semiconductor patterns NS1, NS2, and NS3. The 

interface layers IL may be on and directly contact surfaces of the exposed first to 

third semiconductor patterns NS1, NS2, and NS3. 

[00084] The formation of the interface layers IL may include a thermal oxidation 

process and/or a chemical oxidation process. The oxidation process may use one or 

more of oxygen plasma, ozone plasma, and vapor plasma. For example, the interface 

layers IL may include a silicon oxide layer. 

[00085] Gate dielectric layers GI may be conformally formed on the interface 

layers IL. The gate dielectric layers GI may partially fill the first spaces SP1 of the 

first to third trenches TC1 to TC3. The gate dielectric layers GI may partially fill the 

second spaces SP2 of the first to third trenches TC1 to TC3. The gate dielectric 

layers GI may be on and directly contact the insulation patterns IP and the interface 

layers IL. The gate dielectric layers GI may be formed using a high-k dielectric 

material whose dielectric constant is greater than that of a silicon oxide layer. 

[00086] Referring to FIG. 15, a first mask pattern MA1 may be formed on the 

first and second regions RG1 and RG2. The first mask pattern MA1 may selectively 

expose the third region RG3. The first mask pattern MA1 may completely fill the 

first and second trenches TC1 and TC2. The first mask pattern MA1 may not fill the 

third trench TC3. 

[00087] A third work function metal pattern WF3 may be formed in the third 

trench TC3 selectively exposed by the first mask pattern MA1. The third work 

function metal pattern WF3 may be formed to completely fill the first space SP1 of 

the third trench TC3. The third work function metal pattern WF3 may be formed to 

partially fill the second space SP2 of the third trench TC3. 

[00088] The formation of the third work function metal pattern WF3 may include 

conformally forming a second work function metal layer W2 in the third trench TC3. 

The second work function metal layer W2 may be formed by a deposition process 
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such as ALD. The second work function metal layer W2 may be or include a metal 

nitride layer having a relatively high work function. 

[00089] A barrier pattern BP may be formed on the third work function metal 

pattern WF3. The barrier pattern BP may not fill the first space SP1 of the third 

trench TC3. The barrier pattern BP may be formed to partially fill the second space 

SP2 of the third trench TC3. The formation of the barrier pattern BP may include 

conformally forming a barrier metal layer in the third trench TC3. The barrier metal 

layer may be formed by a deposition process such as ALD. The barrier metal layer 

may have layer characteristics preventing diffusion of metallic material, and may be 

or include a silicon-containing metal nitride layer. 

[00090] After that, a process may be performed to recess an upper portion of the 

gate dielectric layer GI in the third trench TC3, an upper portion of the second work 

function metal layer W2 in the third trench TC3, and an upper portion of the barrier 

metal layer in the third trench TC3. 

[00091] Referring to FIG. 16, the first mask pattern MA1 may be removed. A 

second mask pattern MA2 may be formed on the first and third regions RG1 and 

RG3. The second mask pattern MA2 may selectively expose the second region RG2. 

The second mask pattern MA2 may completely fill the first and third trenches TC1 

and TC3. The second mask pattern MA2 may not fill the second trench TC2. 

[00092] A second work function metal pattern WF2 may be formed in the second 

trench TC2 selectively exposed by the second mask pattern MA2. The second work 

function metal pattern WF2 may be formed to completely fill the first space SP1 of 

the second trench TC2. The second work function metal pattern WF2 may be formed 

to partially fill the second space SP2 of the second trench TC2. 

[00093] The formation of the second work function metal pattern WF2 may 

include conformally forming a second work function metal layer W2 in the second 

trench TC2, conformally forming a first work function metal layer W1 on the second 

work function metal layer W2, and recessing upper portions of the first work 

function metal layer W1, the second work function metal layer W2, and the gate 

dielectric layer GI in the second trench TC2. The first work function metal layer W1 

may be or include a metal nitride layer whose work function is less than that of the 

second work function metal layer W2.  In some embodiments, the second work 
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function metal layer W2 of the second work function metal pattern WF2 may include 

substantially the same composition as the second work function metal layer W2 of 

the third work function metal pattern WF3.  However, the present inventive 

concepts are not limited thereto.  For example, in some embodiments, the 

composition of the second work function metal layer W2 of the second work 

function metal pattern WF2 may be different than the second work function metal 

layer W2 of the third work function metal pattern WF3.  That is to say that since the 

third region RG3 is selectively masked during the formation of the second work 

function metal pattern WF2, different materials may be used for the second work 

function metal layer W2 in some embodiments. 

[00094] Referring to FIG. 17, the second mask pattern MA2 may be removed. A 

third mask pattern MA3 may be formed on the second and third regions RG2 and 

RG3. The third mask pattern MA3 may selectively expose the first region RG1. The 

third mask pattern MA3 may completely fill the second and third trenches TC2 and 

TC3. The third mask pattern MA3 may not fill the first trench TC1. 

[00095] A first work function metal pattern WF1 may be formed in the first 

trench TC1 selectively exposed by the third mask pattern MA3. The first work 

function metal pattern WF1 may be formed to completely fill the first space SP1 of 

the first trench TC1. The first work function metal pattern WF1 may be formed to 

partially fill the second space SP2 of the first trench TC1. 

[00096] The formation of the first work function metal pattern WF1 may include 

conformally forming a first work function metal layer W1 in the first trench TC1 and 

recessing an upper portion of the first work function metal layer W1 and the gate 

dielectric layer GI in the first trench TC1. The first work function metal layer W1 

may be formed by a deposition process such as ALD.  In some embodiments, the 

first work function metal layer W1 of the first work function metal pattern WF1 may 

include substantially the same composition as the first work function metal layer W1 

of the second work function metal pattern WF2.  However, the present inventive 

concepts are not limited thereto.  For example, in some embodiments, the 

composition of the first work function metal layer W1 of the first work function 

metal pattern WF1 may be different than the first work function metal layer W1 of 

the second work function metal pattern WF2.  That is to say that since the second 
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region RG2 is selectively masked during the formation of the first work function 

metal pattern WF1, different materials may be used for the first work function metal 

layer W1 in some embodiments. 

[00097] In some embodiments, when the deposition process is performed to form 

the first work function metal layer W1, only a silicon precursor (e.g., silane gas) may 

be introduced into a chamber in which the substrate 100 is loaded, and may then 

remain for a predetermined time. This step may form an intermediate layer SL as 

discussed above with reference to FIG. 3.  

[00098] In certain embodiments, when the deposition process is performed to 

form the first work function metal layer W1, an ALD cycle may be carried out while 

changing an introduction amount of the silicon precursor. This step may cause the 

first work function metal layer W1 to have a silicon concentration gradient as 

discussed above with reference to FIGS. 4, 5A, and 5B. 

[00099] Referring back to FIG. 2A, the third mask pattern MA3 may be removed. 

First to third electrode patterns EL1, EL2, and EL3 may be respectively formed in 

the first to third trenches TC1, TC2, and TC3. The first to third electrode patterns 

EL1 to EL3 may be respectively formed on the first to third work function metal 

patterns WF1 to WF3. A low resistance material may be used to form the first to 

third electrode patterns EL1, EL2, and EL3. 

[000100] According to example embodiments of the present inventive concepts, 

the first to third regions RG1 to RG3 may be provided thereon with gate-all-around 

type transistors having different threshold voltages from each other. 

[000101] A semiconductor device according to the present inventive concepts may 

be configured such that the gate-all-around type transistors are achieved to have 

various threshold voltages caused by a combination of the work function metal layers. 

Furthermore, a metallic material may be prevented from diffusing into the work 

function metal layer from the low resistance metal layer, with the result that the 

threshold voltage of the transistor may be controlled. 

[000102] It will be understood that although the terms "first," "second," etc. are 

used herein to describe members, regions, layers, portions, sections, components, 

and/or elements in example embodiments of the inventive concepts, the members, 

regions, layers, portions, sections, components, and/or elements should not be 
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limited by these terms. These terms are only used to distinguish one member, region, 

portion, section, component, or element from another member, region, portion, 

section, component, or element. Thus, a first member, region, portion, section, 

component, or element described below may also be referred to as a second member, 

region, portion, section, component, or element without departing from the scope of 

the inventive concepts. For example, a first element may also be referred to as a 

second element, and similarly, a second element may also be referred to as a first 

element, without departing from the scope of the inventive concepts.  

[000103] Spatially relative terms, such as "beneath," "below," "lower," "above," 

"upper" and the like, may be used herein for ease of description to describe the 

relationship of one element or feature to another element(s) or feature(s) as 

illustrated in the figures.  It will be understood that the spatially relative terms are 

intended to encompass different orientations of the device in use or operation in 

addition to the orientation depicted in the figures.  For example, if the device in the 

figures is turned over, elements described as "below" or "beneath" other elements or 

features would then be oriented "above" the other elements or features.  Thus, the 

exemplary term "below" can encompass both an orientation of above and below.  

The device may be otherwise oriented (rotated 90 degrees or at other orientations) 

and the spatially relative descriptors used herein interpreted accordingly.  

[000104] The terminology used herein is for the purpose of describing particular 

embodiments only and is not intended to be limiting of example embodiments.  As 

used herein, the singular forms "a," "an," and "the" are intended to include the plural 

forms as well, unless the context clearly indicates otherwise.  It will be further 

understood that the terms "comprises," "comprising," "includes," and/or "including," 

if used herein, specify the presence of stated features, integers, steps, operations, 

elements and/or components, but do not preclude the presence or addition of one or 

more other features, integers, steps, operations, elements, components and/or groups 

thereof. 

[000105] Unless otherwise defined, all terms (including technical and scientific 

terms) used herein have the same meaning as commonly understood by those of 

ordinary skill in the art to which the inventive concepts pertain. It will also be 

understood that terms, such as those defined in commonly used dictionaries, should 
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be interpreted as having a meaning that is consistent with their meaning in the 

context of this specification and the relevant art and will not be interpreted in an 

idealized or overly formal sense unless expressly so defined herein. 

[000106] When a certain example embodiment may be implemented differently, a 

specific process order may be performed differently from the described order. For 

example, two consecutively described processes may be performed substantially at 

the same time or performed in an order opposite to the described order. 

[000107] In the accompanying drawings, variations from the illustrated shapes as 

a result, for example, of manufacturing techniques and/or tolerances, are to be 

expected. Thus, the example embodiments of the inventive concepts should not be 

construed as being limited to the particular shapes of regions illustrated herein but 

may be construed to include deviations in shapes that result, for example, from a 

manufacturing process. For example, an etched region illustrated as a rectangular 

shape may be a rounded or certain curvature shape.  Thus, the regions illustrated in 

the figures are schematic in nature, and the shapes of the regions illustrated in the 

figures are intended to illustrate particular shapes of regions of devices and not 

intended to limit the scope of the present inventive concepts.  As used herein, the 

term "and/or" includes any and all combinations of one or more of the associated 

listed items.  Expressions such as "at least one of," when preceding a list of 

elements, modify the entire list of elements and do not modify the individual 

elements of the list. 

[000108] It will 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.  Other words used to describe 

the relationship between elements or layers should be interpreted in a like fashion 

(e.g., "between" versus "directly between," "adjacent" versus "directly adjacent," 

"on" versus "directly on"). 

[000109] Like numbers refer to like elements throughout.  Thus, the same or 

similar numbers may be described with reference to other drawings even if they are 

neither mentioned nor described in the corresponding drawing.  Also, elements that 
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are not denoted by reference numbers may be described with reference to other 

drawings. 

[000110] Although example embodiments of the present inventive concepts have 

been discussed with reference to accompanying figures, it will be understood that 

various changes in form and details may be made therein without departing from the 

spirit and scope of the present inventive concepts. It therefore will be understood that 

the embodiments described above are just illustrative but not limitative in all aspects. 
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WHAT IS CLAIMED IS: 

 

1. A semiconductor device, comprising: 

first semiconductor patterns vertically stacked on a substrate and vertically 

spaced apart from each other; and 

a first gate electrode on the first semiconductor patterns, the first gate 

electrode comprising: 

 a first work function metal pattern on a top surface, a bottom surface, 

and sidewalls of respective ones of the first semiconductor patterns; 

 a barrier pattern on the first work function metal pattern; and 

 a first electrode pattern on the barrier pattern, 

wherein the first gate electrode has a first part between adjacent ones of the 

first semiconductor patterns, 

wherein the barrier pattern comprises a first metal nitride layer comprising 

silicon, and 

wherein the barrier pattern and the first electrode pattern are spaced apart 

from the first part. 

 

2. The semiconductor device of claim 1, wherein the first gate electrode 

has a second part on an uppermost one of the first semiconductor patterns, 

wherein the first part comprises the first work function metal pattern, and 

wherein the second part comprises the first work function metal pattern, the 

barrier pattern, and the first electrode pattern that are sequentially stacked. 

 

3. The semiconductor device of claim 1, further comprising: 

second semiconductor patterns vertically stacked on the substrate and 

vertically spaced apart from each other; and 

a second gate electrode on the second semiconductor patterns, the second 

gate electrode comprising: 

 a second work function metal pattern on a top surface, a bottom surface, 

and sidewalls of respective ones of the second semiconductor patterns; and 

 a second electrode pattern on the second work function metal pattern, 
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wherein the second work function metal pattern comprises a work function 

less than that of the first work function metal pattern. 

 

4. The semiconductor device of claim 3, wherein the first work function 

metal pattern comprises a second metal nitride layer, and 

wherein the second work function metal pattern comprises a third metal 

nitride layer comprising silicon and/or aluminum. 

 

5. The semiconductor device of claim 4, wherein the second work 

function metal pattern comprises the third metal nitride layer comprising silicon, and 

wherein the second work function metal pattern comprises a silicon 

concentration that varies based on a distance from the substrate. 

 

6. The semiconductor device of claim 3, wherein the second work 

function metal pattern comprises a second metal nitride layer comprising silicon, and 

wherein the barrier pattern comprises a silicon concentration greater than 

that of the second work function metal pattern. 

 

7. The semiconductor device of claim 3, wherein the second work 

function metal pattern comprises work function metal layers and an intermediate 

layer between the work function metal layers,  

wherein respective ones of the work function metal layers comprise a 

second metal nitride layer comprising silicon, and 

wherein the intermediate layer comprises a silicon layer. 

 

8. The semiconductor device of claim 3, wherein the second gate 

electrode has the first part between adjacent ones of the second semiconductor 

patterns and a second part on an uppermost one of the second semiconductor 

patterns,  

wherein the first part of the second gate electrode comprises the second 

work function metal pattern, and 

wherein the second part of the second gate electrode comprises the second 



 

28 

 

work function metal pattern and the second electrode pattern that are sequentially 

stacked. 

 

9. The semiconductor device of claim 1, further comprising: 

second semiconductor patterns vertically stacked on the substrate and 

vertically spaced apart from each other; and 

a second gate electrode on the second semiconductor patterns, the second 

gate electrode comprising: 

 a second work function metal pattern on a top surface, a bottom surface, 

and sidewalls of respective ones of the second semiconductor patterns; and 

 a second electrode pattern on the second work function metal pattern, 

wherein the first work function metal pattern comprises a first work function 

metal layer, 

wherein the second work function metal pattern comprises the first work 

function metal layer and a second work function metal layer, and 

wherein the second work function metal layer comprises a work function 

less than that of the first work function metal layer. 

 

10. The semiconductor device of claim 1, wherein the barrier pattern 

comprises a silicon concentration ranging from 20 at% to 50 at%. 

 

11. The semiconductor device of claim 1, wherein the first electrode 

pattern comprises a resistance less than that of the first work function metal pattern, 

and 

wherein the first electrode pattern comprises aluminum, tungsten, titanium, 

and/or tantalum. 

 

12. A semiconductor device, comprising a first transistor and a second 

transistor on a substrate, each of the first and second transistors comprising: 

 semiconductor patterns vertically stacked on the substrate and 

vertically spaced apart from each other; and 

 a gate electrode on the semiconductor patterns, 
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wherein the gate electrode of the first transistor comprises a first work 

function metal pattern and a first electrode pattern that are sequentially stacked on an 

uppermost one of the semiconductor patterns of the first transistor, 

wherein the gate electrode of the second transistor comprises a second work 

function metal pattern, a barrier pattern, and a second electrode pattern that are 

sequentially stacked on an uppermost one of the semiconductor patterns of the 

second transistor, and 

wherein the first electrode pattern covers the first work function metal 

pattern. 

 

13. The semiconductor device of claim 12, wherein the barrier pattern 

comprises a silicon-containing metal nitride layer. 

 

14. The semiconductor device of claim 12, wherein the first work function 

metal pattern comprises a silicon-containing and/or aluminum-containing first metal 

nitride layer, and 

wherein the second work function metal pattern comprises a second metal 

nitride layer. 

 

15. The semiconductor device of claim 12, wherein the first and second 

electrode patterns comprise aluminum, tungsten, titanium, and/or tantalum. 

 

16. The semiconductor device of claim 12, wherein the gate electrode of 

the first transistor and the gate electrode of the second transistor each comprise a first 

part between adjacent ones of the semiconductor patterns, 

wherein the first electrode pattern is spaced apart from the first part of the 

gate electrode of the first transistor, and 

wherein the second electrode pattern and the barrier pattern are spaced apart 

from the first part of the gate electrode of the second transistor. 

 

17. A semiconductor device, comprising: 

first semiconductor patterns vertically stacked on a substrate; 
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second semiconductor patterns vertically stacked on the substrate; 

a first gate electrode on the first semiconductor patterns; and 

a second gate electrode on the second semiconductor patterns, 

wherein the first gate electrode comprises: 

 a first work function metal pattern within a space between adjacent 

ones of the first semiconductor patterns and on a top surface, a bottom surface, and 

sidewalls of respective ones of the first semiconductor patterns; and 

 a first electrode pattern on the first work function metal pattern, and 

wherein the second gate electrode comprises: 

 a second work function metal pattern within a space between adjacent 

ones of the second semiconductor patterns and on a top surface, a bottom surface, 

and sidewalls of respective ones of the second semiconductor patterns; 

 a second electrode pattern on the second work function metal pattern; 

and 

 a barrier pattern between the second work function metal pattern and 

the second electrode pattern, 

wherein the first work function metal pattern comprises a silicon-containing 

first metal nitride layer, 

wherein the second work function metal pattern comprises a second metal 

nitride layer, 

wherein the barrier pattern comprises a silicon-containing third metal nitride 

layer, and 

wherein the barrier pattern comprises a silicon concentration greater than 

that of the first work function metal pattern. 

 

18. The semiconductor device of claim 17, wherein the first electrode 

pattern is spaced apart from the space between adjacent ones of the first 

semiconductor patterns by at least one of the first semiconductor patterns, and 

the second electrode pattern and the barrier pattern are spaced apart from the 

space between adjacent ones of the second semiconductor patterns by at least one of 

the second semiconductor patterns. 
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19. The semiconductor device of claim 17, wherein the first semiconductor 

patterns and the first gate electrode are portions of a first transistor,  

wherein the second semiconductor patterns and the second gate electrode 

are portions of a second transistor,  

wherein the first and second transistors are PMOSFETs, and 

wherein the first transistor has a threshold voltage greater than that of the 

second transistor. 

 

20. The semiconductor device of claim 17, wherein the silicon 

concentration of the barrier pattern falls within a range from 20 at% to 50 at%. 

 


