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Abstract

A semiconductor device and a method for fabricating the same are described. A polysilicon layer is

formed on a substrate. The polysilicon layer is doped with an N-type dopant. A portion of the

polysilicon layer is then removed to form a plurality of dummy patterns. Each dummy pattern has a

top, a bottom, and a neck arranged between the top and the bottom, where the width of the neck is

narrower than that of the top. A dielectric layer is formed on the substrate to cover the substrate

disposed between adjacent dummy patterns, and the top of each dummy pattern is exposed.

Thereafter, the dummy patterns are removed to form a plurality of trenches in the dielectric layer. A

plurality of gate structures is formed in the trenches, respectively.
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1. A semiconductor device, comprising:

a substrate, disposed with a dielectric layer thereon, wherein a trench is disposed in the dielectric layer;

a gate structure, located in the trench and comprising a high dielectric constant layer, a work function metal layer, and a metal layer sequentially disposed on the substrate;

and

a source/drain region, disposed in the substrate at respective sides of the gate structure,

wherein the trench comprises a top, a bottom, and a neck arranged between the top and the bottom, a width of the neck is narrower than a width of the top, and the width of

the neck is narrower than or equal to a width of the bottom.

2. The semiconductor device as claimed in claim 1, wherein the top and the neck have a first height therebetween, the neck and the bottom have a second height

therebetween, and a ratio of the first height to the second height is substantially 2:1.

3. The semiconductor device as claimed in claim 1, wherein an included angle between a sidewall of the top of each of the plurality of trenches and a surface of the

dielectric layer is larger than 90°.

4. The semiconductor device as claimed in claim 1, further comprising an insulation layer disposed between the substrate and the high dielectric constant layer.

5. The semiconductor device as claimed in claim 1, wherein the source/drain region is a doped region or an epitaxial layer.

6. The semiconductor device as claimed in claim 1, further comprising a spacer disposed on a sidewall of the gate structure.
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BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a semiconductor device and a method of fabricating the same. More particularly, the invention relates to a void-free semiconductor device and a

method of fabricating the same.

2. Description of Related Art

With the continual miniaturization of semiconductor devices, dimensions of gate structures are also gradually reduced. Therefore, the thickness of gate dielectric layers

also needs to be reduced to prevent the performance of the devices from being affected. Generally, the material of the gate dielectric layers usually includes silicon oxide.

However, the leakage current phenomenon frequently occurs when reducing the thickness of the gate dielectric layers adopting silicon oxide. In order to reduce the

occurrence of leakage current, a conventional method is to replace silicon oxide with high dielectric constant (high-k) material for the gate dielectric layers. When

applying high dielectric constant material in the gate dielectric layers, the gates adopting polysilicon then react with high dielectric constant material to generate Fermi-

level pinning, thereby resulting in an increase in the threshold voltage so as to affect device performance. In one of the conventional techniques, the metal layer is applied

as the gate, that is, the work function metal layer known in the art, to prevent the threshold voltage from increasing and therefore reducing the resistance of the device.

In a conventional gate structure composed of a high dielectric constant dielectric layer and a metal gate, the dummy patterns are first formed and then the gate

structures are formed in the current method. In other words, the dummy patterns and the interlayer dielectric layer are first formed on the substrate. Next, the dummy

patterns are removed, and then the metal gate structures are formed in the openings that are formed after the removal of the dummy patterns.

However, in the process of patterning the dummy pattern material layer to form the dummy patterns, due to the constraints of the etching process, the resultant dummy

patterns are usually shaped into trapezoids having a narrow top and a wide bottom, so that an included angle between the top sidewall of each the dummy pattern and

the surface of the interlayer dielectric layer is about 88°-89°. Since the trapezoid dummy patterns have a narrow top and a wide bottom, an opening with a narrower top

portion is formed after the dummy patterns are removed. Hence, when the opening is filled with the metal layer by a sputtering process, the effect of metal gap fill is poor,

so that problems such as overhang and the like usually occur to cause the formation of voids in the metal layer, thereby affecting the reliability and performance of the

device.

SUMMARY OF THE INVENTION

Accordingly, the invention provides a method of fabricating a semiconductor device to carry out an ion implantation process before dummy patterns are formed, so as to

enhance the reliability and performance of the device.

The invention provides a semiconductor device, in which a gate structure thereof is disposed in a trench having a wider opening in a top, and the semiconductor device

therefore includes a void-free metal layer.

The invention provides a method of fabricating a semiconductor device. Firstly, a polysilicon layer is formed on a substrate. An N-type dopant is doped into the

polysilicon layer. Next, a portion of the polysilicon layer is removed to form a plurality of dummy patterns. Each dummy pattern includes a top, a bottom, and a neck

arranged between the top and the bottom. Here, the width of the neck is narrower than that of the top. Thereafter, a dielectric layer is formed on the substrate. The

dielectric layer covers the substrate between adjacent dummy patterns and exposes the top of each dummy pattern. Subsequently, the dummy patterns are removed to

form a plurality of trenches in the dielectric layer. Afterwards, a plurality of gate structures is formed in the trenches respectively.

According to an embodiment of the invention, the depth of the polysilicon layer doped with the highest concentration of the N-type dopant and the neck are substantially

located on the same horizontal level of height.

According to an embodiment of the invention, the concentration of the N-type dopant doped in the bottom of the polysilicon layer is greater than the concentration of the

N-type dopant doped in the top of the same.

According to an embodiment of the invention, the concentration of the N-type dopant doped increases gradually from the top to the bottom of the polysilicon layer.

According to an embodiment of the invention, the method of fabricating the semiconductor device further includes a step of doping another N-type dopant into the

polysilicon layer.

According to an embodiment of the invention, the N-type dopant is phosphorus (P), antimony (Sb), or arsenic (As).

According to an embodiment of the invention, when the N-type dopant is phosphorus, the energy for doping is greater than 1 Key but less than 20 KeV and the dose

therefor is greater than 1E15 cm−2 but less than 8E15 cm−2.

According to an embodiment of the invention, the top and the neck have a first height therebetween, the neck and the bottom have a second height therebetween, and the

ratio of the first height to the second height is substantially 2:1.

According to an embodiment of the invention, an included angle between the sidewall of the top of each trench and the surface of the dielectric layer is larger than 90°.

According to an embodiment of the invention, the method of removing a portion of the polysilicon layer further includes an etching process using a halogen-containing

reactant.

According to an embodiment of the invention, before the dummy patterns are removed, a high dielectric constant layer is further formed between the substrate and each

of the dummy patterns.

According to an embodiment of the invention, the method of fabricating the semiconductor device further includes a step of forming a source/drain region in the

substrate at respective sides of the gate structure. The method of forming the source/drain region, for example, includes performing an ion implantation process or a

selective epitaxy growth (SEG) process.

According to an embodiment of the invention, after the dummy patterns are formed and before the dielectric layer is formed, a spacer is further formed on the sidewall of

each dummy pattern.

The invention further provides a semiconductor device including a substrate, a gate structure, and a source/drain region. A dielectric layer is formed on the substrate, and

a trench is disposed in the dielectric layer. The gate structure is located in the trench and includes a high dielectric constant layer, a work function metal layer, and a metal

layer sequentially disposed on the substrate. The source/drain region is disposed in the substrate at the respective sides of the gate structure. The trench includes a top,

a bottom, and a neck arranged between the top and the bottom. The width of the neck is narrower than that of the top, and the width of the neck is narrower than or equal

to that of the bottom.
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According to an embodiment of the invention, the top and the neck have a first height therebetween, the neck and the bottom have a second height therebetween, and the

ratio of the first height to the second height is substantially 2:1.

According to an embodiment of the invention, an included angle between the sidewall of the top of each trench and the surface of the dielectric layer is larger than 90°.

According to an embodiment of the invention, the semiconductor device further includes an insulation layer disposed between the substrate and the high dielectric

constant layer.

According to an embodiment of the invention, the source/drain region is a doped region or an epitaxial layer.

According to an embodiment of the invention, the semiconductor device further includes a spacer disposed on the sidewall of the gate structure.

In light of the foregoing, in the method of fabricating the semiconductor device of the invention, the ion implantation process is performed after the polysilicon layer is

formed. Thus, when removing a portion of the polysilicon layer, different etching rates at different depth locations of the doped polysilicon layer are utilized to form the

dummy patterns having the width of the neck narrower than the width of the top. Hence, when removing the dummy patterns and filling the metal layer, not only are the

dummy patterns removed rapidly, but the effect of metal gap fill is also improved, such that voids do not form easily, thereby greatly enhancing the reliability and

performance of the device.

The gate structure of the semiconductor device in the invention is disposed in the trench having a wide opening in the top portion. Therefore, the metal layer of the gate

structure does not include voids and can have superior device performance.

In order to make the aforementioned and other features and advantages of the invention more comprehensible, several embodiments accompanied with figures are

described in detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a further understanding of the invention, and are incorporated in and constitute a part of this specification. The

drawings illustrate embodiments of the invention and, together with the description, serve to explain the principles of the invention.

FIGS. 1A through 1E are cross-sectional views schematically illustrating a process for fabricating a semiconductor device according to an embodiment of the invention.

FIG. 2 and FIG. 3 respectively illustrate schematic cross-sectional views of dummy patterns according to another embodiment of the invention.

FIG. 4 is a cross-sectional view schematically illustrating a semiconductor device according to another embodiment of the invention.

DESCRIPTION OF EMBODIMENTS

FIGS. 1A through 1E are cross-sectional views schematically illustrating a process for fabricating a semiconductor device according to an embodiment of the invention. It

should be noted that the method of fabricating the semiconductor device described in the following adopts a gate last process to form a complementary metal oxide

semiconductor (CMOS) device for illustration. People skilled in the art should be able to embody the invention based on the illustration, whereas the scope of the

invention is not limited thereto. The formation of a single metal oxide semiconductor (MOS) device may also be implemented. Moreover, the disposition locations, the

manners and the sequence of formation of other components such as metal gate structures, doped regions, spacers, stop layers, and the like are all fabricated with

techniques known to people skilled in the art based on conventional arts, and are not limited to the descriptions illustrated in the following embodiments.

Referring to FIG. 1A, a substrate 100 is provided. The substrate 100, for example, is a semiconductor substrate such as an N-type or a P-type silicon substrate, group III-V

semiconductor substrate, and the like. The substrate 100 includes a first region 101 a and a second region 101 b. The first region 101 a and the second region 101 b are

spaced by isolation structures 102. In one embodiment, when the first region 101 a is a P-type metal oxide semiconductor (PMOS) region, the second region 101 b is an

N-type metal oxide semiconductor (NMOS) region. The isolation structures 102 are shallow trench isolation structures, for example.

Next, a high dielectric constant (high-k) material layer 104 and a polysilicon layer 106 are sequentially formed on the substrate 100. The material of the high dielectric

constant material layer 104 is, for example, a dielectric material with a dielectric constant greater than 4, such as TiO2, HfO2, ZrO2, Al2O3, La2O3, Y2O3, Gd2O3, Ta2O5, or a

combination thereof. The high dielectric constant material layer 104 is fabricated by a chemical vapor deposition (CVD) process, for instance. In one embodiment, before

the high dielectric constant material layer 104 is formed, an insulation material layer 103 is also optionally formed on a surface of the substrate 100 to enhance an

adhesion between the high dielectric constant material layer 104 and the substrate 100. The insulation material layer 103 is made of, for example, silicon oxide and

formed, for example, in a thermal oxidizing process. The polysilicon layer 106 can be used as a material layer of dummy patterns to be formed subsequently, and is

formed in a CVD process, for instance.

Afterwards, an ion implantation process 107 is performed to dope an N-type dopant into the polysilicon layer 106. In the ion implantation process 107, a blanket doping

process is performed to the polysilicon layer 106 using a vertical ion implantation manner, for example. The N-type dopant, for example, is phosphorus (P), antimony (Sb),

or arsenic (As). A concentration of the N-type dopant distributed in the polysilicon layer 106 varies with different depth locations in the polysilicon layer 106. For instance,

the depth with the highest concentration of the doped N-type dopant is between the top and the bottom of the polysilicon layer 106. Alternatively, the concentration of the

doped N-type dopant gradually increases from the top to the bottom of the polysilicon layer 106. In one embodiment, when the thickness of the polysilicon layer 106 is

about 500 Å to 600 Å and the N-type dopant implanted is phosphorus, an appropriate energy within a range of 1 Kev to 20 KeV and a dose within a range of 1E15 to 8E15

cm−2 are utilized in the ion implantation process 107. As a consequence, the location with the highest concentration of the N-type dopant is at a depth of about 300 Å to

400 Å away from the surface of the polysilicon layer 106.

Referring to FIG. 1B, a patterned hard mask layer 108 is formed on the polysilicon layer 106. The patterned hard mask layer 108, for example, has openings to expose a

portion of the surface of the polysilicon layer 106. In this step, the disposition of the openings of the patterned hard mask layer 108 is designed according to locations of

gate structures to be formed subsequently. That is, the locations of the polysilicon layer 106 covered by the patterned hard mask layer 108 are the locations of the gate

structures subsequently formed. The material of the patterned hard mask layer 108 is selected from materials having etching selectivity different from that of the

polysilicon layer 106. Here, the material is silicon nitride, silicon oxide, or silicon oxynitride, for example. In a formation of the patterned hard mask layer 108, a layer of

hard mask material layer (not shown) is first formed on the substrate 100 using the CVD process, for example. Thereafter, a photolithographic process and an etching

process are sequentially performed by adopting a photoresist material to remove a portion of the hard mask material layer.

Subsequently, the patterned hard mask layer 108 is used as a mask to remove the exposed polysilicon layer 106, so as to form a plurality of dummy patterns 110.

Afterwards, the high dielectric constant material layer 104 and the insulation material layer 103 are patterned to form the high dielectric constant layer 104 a and the

insulation layer 103 a. Here, the high dielectric constant layer 104 a and the insulation layer 103 a are adopted jointly as a gate dielectric layer of the gate structure to be

subsequently formed. Each dummy pattern 110 includes a top 110 a, a neck 110 b, and a bottom 110 c. The neck 110 b is arranged between the top 110 a and the

bottom 110 c. The width of the neck 110 b is narrower than that of the top 110 a, and the width of the neck 110 b is narrower than that of the bottom 110 c, for example.
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Therefore, a cross-section with a funnel-like shape is formed. In one embodiment, when the top 110 a and the neck 110 b have a first height H1 therebetween, and the

neck 110 b and the bottom 110 c have a second height H2 therebetween, the ratio of the first height H1 to the second height H2 is substantially 2:1. In a method of

removing a portion of the polysilicon layer 106 to form the dummy patterns 110, a halogen-containing reactant is used for etching. A plasma gas source adopted in dry

etching to remove a portion of the polysilicon layer 106 contains fluorine radicals, chlorine radicals, or bromine radicals, for instance.

It should be noted that the etching rate of the polysilicon layer 106 doped with the N-type dopant is higher than the etching rate of the undoped polysilicon material, and

the etching rate increases as the concentration of the N-type dopant enhances. Therefore, the depth of the polysilicon layer 106 doped with the highest concentration of

the N-type dopant and the neck 110 b are substantially located on the same horizontal level of height as illustrated in FIG. 1B.

The above-mentioned embodiment is illustrated with the dummy patterns 110 having funnel-like cross-sections. However, the invention is not limited thereto. People of

ordinary skills in the art should understand that as long as the width of the neck is narrower than that of the top, the dummy patterns can also be in other shapes. In other

words, the concentration distribution of the N-type dopant in the polysilicon layer 106 is adjusted by controlling parameters such as an implantation energy of the ion

implantation process 107 and the like. As a result, the location of the horizontal level of height of the highest N-type dopant concentration substantially corresponds to

the location of the horizontal level of height of the narrowest width of the dummy patterns formed later. FIG. 2 and FIG. 3 respectively illustrate schematic cross-sectional

views of dummy patterns according to another embodiment of the invention. In FIGS. 2 and 3, identical reference numerals are used for the same elements as those in

FIG. 1B, and description of those elements is omitted.

In one embodiment, the concentration of the N-type dopant doped in the bottom of the polysilicon layer 106 is made greater than the concentration of the N-type dopant

doped in the top thereof by controlling parameters such as the energy for implanting the N-type dopant in the ion implantation process 107 and the like. As illustrated in

FIG. 2, after a portion of the polysilicon layer 106 is removed by the etching process, the width of a neck 200 b of each dummy pattern 200 is, for instance, narrower than

the width of a top 200 a. Moreover, the width of the neck 200 b substantially equals to the width of a bottom 200 c, so as to form a cross-section with a wide top and a

narrow bottom.

In one embodiment, the concentration of the doped N-type dopant is increased from the top to the bottom of the polysilicon layer 106 by controlling the parameters such

as the energy for implanting the N-type dopant in the ion implantation process 107 and the like. As illustrated in FIG. 3, after a portion of the polysilicon layer 106 is

removed by the etching process, the width a neck 300 b of each dummy pattern 300 is, for instance, narrower than the width of a top 300 a. Moreover, the width of the

neck 300 b is greater than the width of a bottom 300 c, for example, so as to form a trapezoid cross-section reducing gradually from the top to the bottom.

Moreover, in other embodiments of the invention, a plurality of N-type dopants is doped into the polysilicon layer 106, so that the polysilicon layer 106 has the etching rate

required at different depths, thereby facilitating the formation of dummy patterns. Obviously, the method of doping the N-type dopant into the polysilicon layer 106 is not

limited to the embodiments aforementioned. That is, various methods are acceptable as long as the N-type dopant is doped into the polysilicon material to form dummy

patterns having the width of the top greater than that of the neck. People with ordinary skills in the art can make necessary adjustments based on actual demands.

Referring to FIG. 1C simultaneously, the dummy patterns 110 are used as masks for carrying out the ion implantation process so as to form lightly-doped regions 113 a

in the substrate 100 at respective sides of the dummy pattern 110 within the first region 101 a, and to form lightly-doped regions 113 b in the substrate 100 at respective

sides of the dummy pattern 110 within the second region 101 b. The lightly-doped regions 113 a and 113 b serve as source/drain extension regions of respective MOS

transistors to be formed. When the first region 101 a is the PMOS region, the lightly-doped regions 113 a are P-type lightly-doped regions. When the second region 101 b

is the NMOS region, the lightly-doped regions 113 b are N-type lightly-doped regions. Thereafter, spacers 112 are formed on sidewalls of the dummy patterns 110. The

material of the spacers 112 is silicon oxide, silicon nitride, or silicon oxynitride, for example. In a method of forming the spacers 112, for example, a layer of spacer

material (not illustrated) is first formed on the substrate 100 by the CVD process, and a portion of the spacer material layer is removed by an anisotropic etching process.

In addition, although the spacers 112 are merely illustrated with single-layer structures in FIG. 1C, the spacers 112 can also be multi-layer spacer structures.

Afterwards, source/drain regions 114 a are formed in the substrate 100 at the respective sides of the dummy pattern 110 within the first region 101 a, and source/drain

regions 114 b are formed in the substrate 100 at the respective sides of the dummy pattern 110 within the second region 101 b. When the first region 101 a is the PMOS

region, the source/drain regions 114 a are P-type heavily-doped regions or SiGe epitaxial layers, for example. When the second region 101 b is the NMOS region, the

source/drain regions 114 b are N-type heavily-doped regions, for instance. In one embodiment, the source/ drain regions 114 a and 114 b are formed by the ion

implantation process, for example, so as to form the P-type or the N-type heavily-doped regions respectively in the substrate 100. In another embodiment, in the

formation of the source/drain regions 114 a, a portion of the substrate 100 at the respective sides of the dummy pattern 110 within the first region 101 a is first removed

to form trenches (not shown), for example. Subsequently, a selective epitaxy growth (SEG) process is performed to form the SiGe epitaxial layer in each trench. The SiGe

epitaxial layer is not only used as the source/region region of the PMOS transistor, but also increases a compressive stress of a channel of the PMOS transistor, so that

mobility of holes increases, thereby enhancing operation speed and performance of the PMOS transistor.

After the source/ drain regions 114 a and 114 b are formed, a stop layer 116 is optionally formed on the substrate 100 to cover the first region 101 a and the second

region 101 b entirely. The stop layer 116 is made of silicon nitride, and formed by the CVD process, for example. In one embodiment, the stop layer 116 is utilized as a

stress layer providing compressive stress or tensile stress to a channel region. Moreover, the stop layer 116 is capable of generating the tensile stress suitable for the

channel of the NMOS transistor or the compressive stress suitable for the channel of the PMOS transistor by changing process parameters in the formation of the stop

layer 116. Afterwards, a dielectric layer 118 is formed on the substrate 100 as an interlayer dielectric (ILD) layer. The dielectric layer 118 covers the substrate 100 and the

dummy patterns 110 entirely, for instance. The dielectric layer 118, for example, is made of silicon oxide, and can be formed by the CVD process.

Referring to FIG. 1D, a portion of the dielectric layer 118 and a portion of the stop layer 116 are removed to expose upper surfaces of the dummy patterns 110. A portion

of the dielectric layer 118 and a portion of the stop layer 116 are removed by performing a chemical-mechanical polishing (CMP) process or an etching-back process, for

example. Thereafter, the dummy patterns 110 are removed to form the trenches 120 and a surface of the high dielectric constant layer 104 a is exposed. The dummy

patterns 110 are removed, for example, by carrying out a wet etching process, which utilizes KOH solution as an etching solution.

It should be illustrated that the polysilicon doped with the N-type dopant usually has a higher etching rate than the undoped polysilicon. In addition, the etching rate of the

polysilicon doped with the N-type dopant is far higher than the etching rate of the polysilicon doped with the P-type dopant. In the previous step, the polysilicon layer is

doped with the N-type dopant before the dummy patterns 110 are formed. Therefore, when the dummy patterns 110 are removed by wet etching, a rapid removing rate

results and the residual polysilicon material does not remain easily in the trenches 120. Additionally, the doping of the N-type dopant into the polysilicon layer further

compensates the P-type dopant implanted in the formation of the lightly-doped regions 113 a and 113 b or the source- drain regions 114 a and 114 b. Thus, problems

such as troublesome removal of the dummy patterns 110 resulted from P-type dopant overdope are prevented.

Referring to FIG. 1E, a work function metal layer 122 is formed conformally on the surface of the trench 120 in the first region 101 a, and a work function metal layer 124

is formed conformally on the surface of the trench 120 in the second region 101 b. The material of the work function metal layers 122 and 124 includes all materials

capable of achieving the work function required, such as TiN, TiAlx, TaC, TaCNO, TaCN, or TaN, for instance. The work function metal layers 122 and 124 are formed by

the CVD or a physical vapor deposition (PVD) process, for example. The material of the work function metal layer 122 and that of the work function metal layer 124 are

different, for instance. In one embodiment, when the first region 101 a is the PMOS region, the material of the work function metal layer 122 is TiN, for instance. When the
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second region 101 b is the NMOS region, the material of the work function metal layer 124 is TiAlx, for example. Next, a metal layer 126 is filled into the trenches 120 so

as to form gate structures 130 a and 130 b respectively. The metal layer 126 is made of, for example, Al, aluminum-rich Ti, or a combination thereof, and formed by the

CVD process or the PVD process.

Generally, the work function value required by the PMOS transistor is approximately from 5 eV to 5.1 eV, and the work function value required by the NMOS transistor is

approximately from 4 eV to 4.1 eV. The work function of the gate structure 130 a is determined by the metal layer 126 and the work function metal layer 122 underneath.

The work function of the gate structure 130 b is determined by the metal layer 126 and the work function metal layer 124 underneath. Therefore, the work function values

respectively required by the PMOS transistor and the NMOS transistor can be achieved by adjusting the material and the thickness of the work function metal layers 122

and 124.

It should be illustrated that since the width of the neck is narrower than that of the top of each dummy pattern, the trench 120 formed after the removal of each dummy

pattern is shaped into a structure having a wide opening in the top portion. That is, an included angle θ1 between the sidewall of the top 120 a of the trench 120 and the

surface of the dielectric layer 118 is larger than 90°, for instance. Hence, the trenches 120 each having a wide opening in the top portion not only facilitate the rapid

removal of the dummy patterns, but also have superior metal gap fill effect when forming the metal layer 126 so that voids are not formed easily.

FIG. 1E is used as an exemplary example in the following to further illustrate the structure of the semiconductor device of the invention.

Referring to FIG. 1E, the semiconductor device of the present embodiment includes the substrate 100, the gate structures 130 a and 130 b, and the source/ drain regions

114 a and 114 b. The substrate 100 includes the first region 101 a and the second region 101 b spaced by the isolation structures 102. When the first region 101 a, for

instance, is the PMOS region, the second region 101 b is the NMOS region. The dielectric layer 118 is disposed on the substrate 100, and the trenches 120 are disposed

in the dielectric layer 118. Each trench 120 includes a top 120 a, a neck 120 b, and a bottom 120 c. The neck 120 b is arranged between the top 120 a and the bottom 120

c.

The gate structure 130 a, for example, is disposed within the first region 101 a, and includes the insulation layer 103 a, the high dielectric constant layer 104 a, the work

function metal layer 122, and the metal layer 126 disposed sequentially on the substrate 100. The high dielectric constant layer 104 a and the insulation layer 103 a are

adopted jointly as a gate dielectric layer of the gate structure 130 a, for example. The work function of the gate structure 130 a is determined by the metal layer 126 and

the work function metal layer 122 underneath, for example. The source/drain regions 114 a are disposed in the substrate 100 at respective sides of the gate structure

130 a. In one embodiment, the lightly-doped regions 113 a are disposed in the substrate 100 between the gate structure 130 a and the source/drain regions 114 a.

The gate structure 130 b, for example, is disposed within the second region 101 b, and includes the insulation layer 103 a, the high dielectric constant layer 104 a, the

work function metal layer 124, and the metal layer 126 disposed sequentially on the substrate 100. The high dielectric constant layer 104 a and the insulation layer 103 a

are adopted jointly as a gate dielectric layer of the gate structure 130 b. The work function of the gate structure 130 b is determined by the metal layer 126 and the work

function metal layer 124 underneath, for example. The source/drain regions 114 b are disposed in the substrate 100 at the respective sides of the gate structure 130 b. In

one embodiment, the lightly-doped regions 113 b are disposed in the substrate 100 between the gate structure 130 b and the source/drain regions 114 b.

As aforementioned, the gate structures 130 a and 130 b are disposed in the trenches 120, for example. The insulation layer 103 a is disposed on the surface of the

substrate 100 in the trenches 120. The high dielectric constant layer 104 a is disposed on the surface of the insulation layer 103 a. The work function metal layer 122 and

the work function metal layer 124 are conformally disposed on the surfaces of the trenches 120 in the first region 101 a and the second region 101 b, and cover the high

dielectric constant layer 104 a, respectively. The metal layer 126 fills the trenches 120 and covers the work function metal layers 122 and 124.

It should be noted that each trench 120 is a structure having a wide opening in the top portion, for example. That is, an included angle θ1 between the sidewall of the top

120 a of each trench 120 and the surface of the dielectric layer 118 is larger than 90°, for example. The width of the neck 120 b of each trench 120 is narrower than that

of the top 120 a, and the width of the neck 120 b is narrower than that of the bottom 120 c, for example. Therefore, cross-sections with a funnel-like shape are formed. In

one embodiment, the ratio of the height from the neck 120 b to the top 120 a and the height from the neck 120 b to the bottom 120 c is substantially 2:1. In other words,

when the depth of the trenches 120 is about 500 Å to 600 Å, the difference in height between the neck 120 b and the top 120 a of each trench 120, for example, is about

300 Å to 400 Å.

In addition, the gate structures in the semiconductor device of the invention not only form the funnel-like trenches aforementioned, but can also form trenches of other

shapes. FIG. 4 is a cross-sectional view schematically illustrating a semiconductor device according to another embodiment of the invention. In FIG. 4, identical reference

numerals are used for the same elements as those in FIG. 1E, and description of those elements is omitted.

Referring to FIG. 4, in another embodiment, the main components constituting the semiconductor device illustrated in FIG. 4 are generally identical to those constituting

the semiconductor device illustrated in FIG. 1E. However, the difference between the two semiconductor devices mainly regards to the forms of the trenches. The gate

structures 130 a and 130 b are disposed in the trenches 400, for example. Each trench 400 is a structure having a wide opening in the top portion, and an included angle

θ2 between a sidewall of a top 400 a thereof and the surface of the dielectric layer 118 is larger than 90°, for instance. The width of a neck 400 b of each trench 400 is

narrower than the width of the top 400 a, for example. Furthermore, the width of the neck 400 b of each trench 400 substantially equals to the width of a bottom 400 c, so

as to form a cross-section having a wide top and a narrow bottom.

In light of the foregoing, the semiconductor device and the method of fabricating the same in the embodiments aforementioned have at least the following advantages:

1. The gate structures of the semiconductor device in the embodiments above-mentioned are disposed in the trenches each having the width of the neck narrower than

that of the top. Therefore, the metal layers filled in the trenches do not have voids, and thereby have superior device performance.

2. Each trench of the semiconductor device in the embodiments above-mentioned has the design of the width of the neck narrower or equal to that of the bottom, so that

trench having a wide opening can be formed without reducing the width of the bottom. Consequently, the critical dimension (CD) of the device is not affected.

3. In the method of fabricating the semiconductor device in the embodiments above-mentioned, before the dummy patterns are formed, the N-type dopant is doped into

the polysilicon layer to enhance the etching rate of the polysilicon layer regionally. As a result, the dummy patterns each having the width of the neck narrower than that

of the top are formed so as to enhance the metal gap fill ability, so that voids do not form easily.

4. In the method of fabricating the semiconductor device in the embodiments above-mentioned, the doping of the N-type dopant into the polysilicon layer further

compensates the P-type dopant implanted in the process, so that the dummy patterns can be removed rapidly without leaving residual polysilicon material in the

trenches.

5. The method of fabricating the semiconductor device in the embodiments aforementioned can be applied in all gate last processes, especially in the gate last process

for forming metal gates, and can be integrated with the existing semiconductor process. The process aforementioned is not only simple, but can also improve the

reliability of the device effectively.
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Although the present invention has been described with reference to the above embodiments, it will be apparent to one of the ordinary skill in the art that modifications to

the described embodiment may be made without departing from the spirit of the invention. Accordingly, the scope of the invention will be defined by the attached claims

not by the above detailed descriptions.

Patent Citations (24)

Publication number Priority date Publication date Assignee Title

JPH0855863A * 1994-08-15 1996-02-27 Nec Corp Manufacture of field-effect semiconductor device

US5685950A * 1993-12-29 1997-11-11 Sony Corporation Dry etching method

US5834816A * 1991-10-10 1998-11-10 Goldstar Electron Co., Ltd. MOSFET having tapered gate electrode

US5840611A * 1993-12-16 1998-11-24 Goldstar Electron Company,
Ltd.

Process for making a semiconductor MOS transistor

US5879975A * 1997-09-05 1999-03-09 Advanced Micro Devices, Inc. Heat treating nitrogen implanted gate electrode layer for improved gate
electrode etch profile

US6060375A * 1996-07-31 2000-05-09 Lsi Logic Corporation Process for forming re-entrant geometry for gate electrode of integrated
circuit structure

US6661066B2 * 1999-05-21 2003-12-09 Mitsubishi Denki Kabushiki
Kaisha

Semiconductor device including inversely tapered gate electrode and
manufacturing method thereof

US6674137B2 * 2000-12-01 2004-01-06 Nec Corporation Semiconductor device and its manufacturing method

US7208361B2 2004-03-24 2007-04-24 Intel Corporation Replacement gate process for making a semiconductor device that includes
a metal gate electrode

US20070126067A1 * 2005-12-01 2007-06-07 Intel Corporation Angled implantation for removal of thin film layers

US20090189219A1 * 2008-01-30 2009-07-30 Shinbori Atsushi Semiconductor device and manufacturing method of the same

US20090218603A1 * 2005-06-21 2009-09-03 Brask Justin K Semiconductor device structures and methods of forming semiconductor
structures

US7749911B2 * 2004-11-30 2010-07-06 Taiwan Semiconductor
Manufacturing Co., Ltd.

Method for forming an improved T-shaped gate structure

US20110070702A1 * 2009-09-21 2011-03-24 United Microelectronics
Corp.

Method for fabricating semiconductor device

US7939895B2 * 2007-09-05 2011-05-10 Sony Corporation Semiconductor device with forwardly tapered P-type FET gate electrode and
reversely tapered N-type FET gate electrode and method of manufacturing
same

Family To Family Citations

US4975832A * 1987-06-25 1990-12-04 Teac Corporation Microcomputer system with dual DMA mode transmissions

US6127232A * 1997-12-30 2000-10-03 Texas Instruments
Incorporated

Disposable gate/replacement gate MOSFETS for sub-0.1 micron gate length
and ultra-shallow junctions

KR100372643B1 * 2000-06-30 2003-02-17 주식회사 하이닉스반도체 Method for manufacturing semiconductor device using damascene process

US7078284B2 * 2002-06-20 2006-07-18 Micron Technology, Inc. Method for forming a notched gate

US7176090B2 * 2004-09-07 2007-02-13 Intel Corporation Method for making a semiconductor device that includes a metal gate
electrode

US7858481B2 * 2005-06-15 2010-12-28 Intel Corporation Method for fabricating transistor with thinned channel

US8048790B2 * 2009-09-17 2011-11-01 Globalfoundries Inc. Method for self-aligning a stop layer to a replacement gate for self-aligned
contact integration

US8076735B2 * 2009-10-02 2011-12-13 United Microelectronics
Corp.

Semiconductor device with trench of various widths

KR101675373B1 * 2010-03-24 2016-11-11 삼성전자주식회사 Semiconductor and method of fabricating the same

* Cited by examiner, † Cited by third party
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H. Seidel et al., "Anisotropic Etching of Crystalline Silicon in Alkaline Solutions: I. Orientation Dependence and Behavior of Passivation Layers" Journal of the Electrochemical
Society, vol. 37, No. 11, Nov. 1990, pp. 3612-3626.

H. Seidel et al., "Anisotropic Etching of Crystalline Silicon in Alkaline Solutions: II. Influence of Dopants" Journal of the Electrochemical Society, vol. 37, No. 11, Nov. 1990, pp.
3626-3632.

* Cited by examiner, † Cited by third party

Cited By (31)

Publication number Priority date Publication date Assignee Title

US20120034747A1 * 2009-10-02 2012-02-09 United Microelectronics Corp. Method for fabricating semiconductor device

US20120292719A1 * 2011-05-19 2012-11-22 International Business Machines
Corporation

High-k metal gate device

US20170110576A1 * 2015-10-14 2017-04-20 Samsung Electronics Co., Ltd. Semiconductor device and method for fabricating the same

US20170213830A1 * 2013-05-23 2017-07-27 Taiwan Semiconductor Manufacturing
Company, Ltd.

Tuning Tensile Strain on FinFET

US20190103325A1 * 2017-09-29 2019-04-04 Taiwan Semiconductor Manufacturing
Company, Ltd.

Footing Removal in Cut-Metal Process

US11217703B2 * 2015-04-13 2022-01-04 Semiconductor Energy Laboratory Co.,
Ltd.

Semiconductor device and manufacturing method of the same

US20240178290A1 * 2022-11-28 2024-05-30 Globalfoundries U.S. Inc. Ic structure with gate electrode fully within v-shaped cavity

Family To Family Citations

US9048254B2 2009-12-02 2015-06-02 United Microelectronics Corp. Semiconductor structure having a metal gate with side wall
spacers

US20130043517A1 * 2011-08-19 2013-02-21 Haizhou Yin Semiconductor Structure And Method For Manufacturing The
Same

CN102956454A * 2011-08-19 2013-03-06 中国科学院微电子研究所 Semiconductor structure and manufacturing method thereof

US8541296B2 * 2011-09-01 2013-09-24 The Institute of Microelectronics Chinese
Academy of Science

Method of manufacturing dummy gates in gate last process

KR20130106151A * 2012-03-19 2013-09-27 에스케이하이닉스 주식회사 Method for fabricating capacitor with high aspect ratio

CN103839812A * 2012-11-21 2014-06-04 中芯国际集成电路制造(上海)有限公司 Semiconductor device and method for preparing same

US9412847B2 2013-03-11 2016-08-09 Taiwan Semiconductor Manufacturing
Company, Ltd.

Self-aligned passivation of active regions

US9520474B2 * 2013-09-12 2016-12-13 Taiwan Semiconductor Manufacturing
Company Limited

Methods of forming a semiconductor device with a gate stack
having tapered sidewalls

US9425048B2 2013-11-06 2016-08-23 Taiwan Semiconductor Manufacturing
Co., Ltd.

Mechanisms for semiconductor device structure

CN104851802B * 2014-02-14 2018-04-13 中芯国际集成电路制造(上海)有限公司 A kind of semiconductor devices and preparation method
thereof

US9190272B1 * 2014-07-15 2015-11-17 Samsung Electronics Co., Ltd. Semiconductor device and method of fabricating the same

US9716161B2 2014-10-01 2017-07-25 Taiwan Semiconductor Manufacturing
Co., Ltd.

Gate structure having designed profile and method for forming
the same

US10164049B2 * 2014-10-06 2018-12-25 Taiwan Semiconductor Manufacturing
Company, Ltd.

Structure and formation method of semiconductor device with
gate stack

CN106558584B * 2015-09-29 2019-07-02 中芯国际集成电路制造(上海)有限公司 Semiconductor structure and method of forming the same

KR20170066914A * 2015-12-07 2017-06-15 삼성전자주식회사 Semiconductor device and Method for fabricating the same

US9985031B2 2016-01-21 2018-05-29 Taiwan Semiconductor Manufacturing
Co., Ltd.

Integrated circuit and manufacturing method thereof

US10446662B2 2016-10-07 2019-10-15 Taiwan Semiconductor Manufacturing
Co., Ltd.

Reducing metal gate overhang by forming a top-wide bottom-
narrow dummy gate electrode

CN109585293B * 2017-09-29 2021-12-24 台湾积体电路制造股份有限公司 Footing removal in metal cutting processes

US10644125B2 * 2018-06-14 2020-05-05 Taiwan Semiconductor Manufacturing
Co., Ltd.

Metal gates and manufacturing methods thereof
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CN112289680B * 2019-07-22 2023-07-14 芯恩（青岛）集成电路有限公司 Fabrication method of dummy gate and semiconductor device
structure with metal gate

US11430865B2 2020-01-29 2022-08-30 Taiwan Semiconductor Manufacturing
Co., Ltd.

Semiconductor device and method

DE102020114867B4 2020-01-29 2025-03-13 Taiwan Semiconductor Manufacturing
Co., Ltd.

PROCEDURE

US11398384B2 2020-02-11 2022-07-26 Taiwan Semiconductor Manufacturing
Company, Ltd.

Methods for manufacturing a transistor gate by non-directional
implantation of impurities in a gate spacer

CN119521701A * 2024-11-19 2025-02-25 武汉新芯集成电路股份有限公司 Semiconductor device manufacturing method and
semiconductor device

* Cited by examiner, † Cited by third party, ‡ Family to family citation

Similar Documents

Publication Publication Date Title

US8076735B2 2011-12-13 Semiconductor device with trench of various widths

US12021143B2 2024-06-25 P-type strained channel in a fin field effect transistor (FinFET) device

US8871597B2 2014-10-28 High gate density devices and methods

US9356146B2 2016-05-31 Semiconductor device with recess, epitaxial source/drain region and diffuson

US7410854B2 2008-08-12 Method of making FUSI gate and resulting structure

US7955919B2 2011-06-07 Spacer-less transistor integration scheme for high-K gate dielectrics and small gate-to-gate spaces applicable to Si, SiGe and strained
silicon schemes

KR20200036733A 2020-04-07 Semiconductor device and methods of forming same

US9985132B2 2018-05-29 Semiconductor device and fabricating method of a gate with an epitaxial layer

US8679923B2 2014-03-25 Method for forming metal gate

US8815699B2 2014-08-26 Fabrication of reverse shallow trench isolation structures with super-steep retrograde wells

KR20200050345A 2020-05-11 Finfet device and methods of forming the same

TW202107618A 2021-02-16 Method for forming semiconductor device

US20240021619A1 2024-01-18 Finfet device and method

CN108878361B 2021-03-26 Semiconductor device and method for manufacturing the same

US8138559B2 2012-03-20 Recessed drift region for HVMOS breakdown improvement

US12166096B2 2024-12-10 Semiconductor device structure with uneven gate profile

US11631745B2 2023-04-18 Semiconductor device structure with uneven gate profile

TWI441244B 2014-06-11 Semiconductor device and method for fabricating the same

US9842760B1 2017-12-12 Method for fabricating semiconductor device
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