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REPLACEMENT GATE PROCESS FOR 
MAKING A SEMICONDUCTOR DEVICE 

THAT INCLUDES A METAL GATE 
ELECTRODE 

FIELD OF THE INVENTION 

The present invention relates to methods for making 
semiconductor devices, in particular, semiconductor devices 
with metal gate electrodes. 

BACKGROUND OF THE INVENTION 

When making a CMOS device that includes metal gate 
electrodes, a replacement gate process may be used to form 
gate electrodes from different metals. In that process, a first 
polysilicon layer, bracketed by a pair of spacers, is removed 
to create a trench between the spacers. The trench is filled 
with a first metal. A second polysilicon layer is then 
removed, and replaced with a second metal that differs from 
the first metal. 

Current processes for etching polysilicon layers generate 
patterned polysilicon layers with side walls that are vertical 
or slightly inclined such that the lower surface of each 
patterned layer is wider than the upper surface. Although 
such a profile may be suitable for processes that retain the 
patterned polysilicon layers, it may be inappropriate for a 
replacement gate process, especially when making transis­
tors with 45 nm or smaller gate lengths. After removing such 
a patterned polysilicon layer, it may be difficult to uniformly 
coat the sidewalls of the resulting trench with various 
materials. In addition, it may not be possible to completely 
fill such a trench with metal, as voids may form at the trench 
center. 

Accordingly, there is a need for an improved method for 
making a semiconductor device that includes metal gate 
electrodes. There is a need for a method for generating a 
patterned polysilicon layer with a profile that is compatible 
with replacement gate processes for making transistors with 
very small gate lengths. The present invention provides such 
a method. 

BRIEF DESCRIPTION OF THE DRAWINGS 

2 
In the following description, a number of details are set 

forth to provide a thorough understanding of the present 
invention. It will be apparent to those skilled in the art, 
however, that the invention may be practiced in many ways 

5 other than those expressly described here. The invention is 
thus not limited by the specific details disclosed below. 

FIGS. lA-lC illustrate structures that may be formed, 
when carrying out an embodiment of the method of the 
present invention. Initially, dielectric layer 101 is formed on 

10 substrate 100, polysilicon layer 102 is formed on dielectric 
layer 101, and masking layer 103 is formed on polysilicon 
layer 102, generating the FIG. lA structure. 

Substrate 100 may comprise a bulk silicon or silicon-on­
insulator substructure. Alternatively, substrate 100 may 

15 comprise other materials-which may or may not be com­
bined with silicon-such as: germanium, indium anti­
monide, lead telluride, indium arsenide, indium phosphide, 
gallium arsenide, or gallium antimonide. Although a few 
examples of materials from which substrate 100 may be 

20 formed are described here, any material that may serve as a 
foundation upon which a semiconductor device may be built 
falls within the spirit and scope of the present invention. 

Dielectric layer 101 may comprise silicon dioxide, a 
nitrided silicon dioxide, a high-k dielectric layer, or other 

25 materials that may protect substrate 100. Polysilicon layer 
102 preferably is between about 100 and about 2,000 
angstroms thick, and more preferably is between about 500 
and about 1,600 angstroms thick. Masking layer 103 pref­
erably comprises silicon nitride, silicon dioxide, and/or 

30 silicon oxynitride, and preferably is between about 100 and 
about 500 angstroms thick. Dielectric layer 101, polysilicon 
layer 102, and masking layer 103 may be formed using 
conventional process steps. 

After forming the FIG. lA structure, the device may be 
35 transferred to a high density plasma etch tool, e.g., an 

electron cyclotron resonance etcher, and placed on a chuck 
that is positioned within the tool. The etch tool may then be 
operated to etch masking layer 103, generating hard mask 
104 as FIG. lB illustrates. Depending upon the material 

40 used to form masking layer 103, that layer may be etched by 
exposing it to a plasma that is derived from C4 F 8 , argon and 
oxygen, or that is derived from CH3 F, carbon monoxide, and 
oxygen. 

FIGS. lA-lC represent cross-sections of structures that 45 

may be formed when carrying out an embodiment of the 
method of the present invention. 

After forming hard mask 104, polysilicon layer 102 is 
etched to generate patterned polysilicon layer 105, as shown 
in FIG. lC. Patterned polysilicon layer 105 has upper 
surface 106 and lower surface 107. The width of upper 
surface 106 is less than or equal to about 45 angstroms, the 
width of lower surface 107 is less than or equal to about 40 FIGS. 2A-2M represent cross-sections of structures that 

may be formed when carrying out an embodiment of the 50 
method of the present invention as applied to a replacement 

angstroms, and the width of upper surface 106 is at least 
about 5 angstroms greater than the width of lower surface 

gate process. 
Features shown in these figures are not intended to be 

drawn to scale. 

DETAILED DESCRIPTION OF THE PRESENT 
INVENTION 

A method for making a semiconductor device is 
described. That method comprises forming a dielectric layer 
on a substrate, then forming a polysilicon layer on the 
dielectric layer. The polysilicon layer is then etched to 
generate a patterned polysilicon layer. That layer's upper 
surface is less than or equal to about 45 angstroms wide, and 
that layer's lower surface is less than or equal to about 40 
angstroms wide. The upper surface is at least about 5 
angstroms wider than the lower surface. 

107. In a preferred embodiment, lower surface 107 meets 
dielectric layer 101 at an angle that is less than about 87°, but 
that is sufficiently wide to enable silicon nitride spacers to be 

55 formed on layer 105's sides. 
Polysilicon layer 102 may be patterned by applying to it 

a plasma derived from the combination of chlorine, hydro­
gen bromide, oxygen, and argon for a sufficient time to 
remove the exposed part of that layer. If polysilicon layer 

60 102 is etched while dielectric layer 101 is electrically 
charged, the inverted taper profile shown in FIG. lC may 
result because a charged dielectric layer may promote a 
slightly faster etch rate at the lower part of layer 102 than 
occurs at the upper part of that layer. Dielectric layer 101 

65 should be sufficiently thick to maintain an electric charge for 
substantially the entire time that polysilicon layer 102 is 
etched. 

7
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To ensure that dielectric layer 101 remains charged 
throughout the etch process, it may be necessary to control 
the RF bias power that is delivered to the etch tool's chuck 
during that operation. In a preferred embodiment, the RF 
bias power that is applied to the chuck as polysilicon layer 
102 is etched is less than about 100 watts, and more 
preferably the applied RF bias power is less than 70 watts. 

4 
206-without first forming a buffer oxide layer on substrate 
200 and layers 204, 206. In alternative embodiments, how­
ever, such a buffer oxide layer may be formed prior to 
forming layer 234. Similarly, although not shown in FIG. 
2B, a second oxide may be formed on layer 234 prior to 
etching that layer. If used, such an oxide may enable the 
subsequent silicon nitride etch step to generate an L-shaped 
spacer. 

Silicon nitride layer 234 may be etched using a conven­
tional process for anisotropically etching silicon nitride to 
create the FIG. 2C structure. When hard masks 230, 231 
comprise silicon nitride, a timed etch may be used to prevent 
that anisotropic etch step from removing hard masks 230, 
231, when silicon nitride layer 234 is etched. As a result of 

It may be possible to obtain a satisfactory profile when RF 
bias power is delivered at 50 watts----or even lower power. 
The frequency at which RF bias power is applied to the 10 

chuck should be selected to ensure that dielectric layer 101 
remains charged when polysilicon layer 102 is etched. The 
optimum RF bias power that is applied, and the optimum 
frequency at which it is delivered, may depend upon the 
particular etch tool that is used to etch layer 102. 

As demonstrated below, applying the method of the 
present invention to form a patterned polysilicon layer with 
such an inverted taper profile may enable one to form very 
small transistors that include metal gate electrodes using a 
replacement gate process. FIGS. 2A-2M illustrate structures 20 

that may be formed, when integrating the method of the 
present invention into such a process. FIG. 2Arepresents an 
intermediate structure that may be formed when making a 
CMOS device. That structure includes first part 201 and 
second part 202 of substrate 200. Isolation region 203 25 

separates first part 201 from second part 202. Isolation 
region 203 may comprise silicon dioxide, or other materials 
that may separate the transistor's active regions. 

15 that etch step, patterned polysilicon layer 204 is bracketed 
by a pair of sidewall spacers 208, 209, and patterned 
polysilcon layer 206 is bracketed by a pair of sidewall 
spacers 210, 211. 

In this embodiment, first polysilicon layer 204 is formed 
on first durmny dielectric layer 205, and second polysilicon 30 

layer 206 is formed on second dummy dielectric layer 207. 
Hard masks 230, 231 are formed on polysilicon layers 204, 
206. First dummy dielectric layer 205 and second durmny 
dielectric layer 207 may each comprise silicon dioxide, or 
other materials that may protect substrate 200---e.g., silicon 35 

oxynitride, silicon nitride, a carbon doped silicon dioxide, or 

As is typically done, it may be desirable to perform 
multiple masking and ion implantation steps to create lightly 
implanted regions near layers 204, 206 (that will ultimately 
serve as tip regions for the device's source and drain 
regions), prior to forming spacers 208, 209, 210, 211 on 
patterned polysilicon layers 204, 206. Also as is typically 
done, the source and drain regions may be formed, after 
forming spacers 208, 209, 210, 211, by implanting ions into 
parts 201 and 202 of substrate 200, followed by applying an 
appropriate armeal step. 

An ion implantation and armeal sequence used to form 
n-type source and drain regions within part 201 of substrate 
200 may dope patterned polysilicon layer 204 n-type at the 
same time. Similarly, an ion implantation and armeal 
sequence used to form p-type source and drain regions 
within part 202 of substrate 200 may dope patterned poly-
silicon layer 206 p-type. When doping patterned polysilicon 
layer 206 with boron, that layer should include that element 
at a sufficient concentration to ensure that a subsequent wet 
etch process, for removing n-type patterned polysilicon 
layer 204, will not remove a significant amount of p-type 

a nitrided silicon dioxide. Dummy dielectric layers 205, 207 
preferably are sufficiently thick to maintain an electric 
charge for substantially the entire time that the polysilicon 
layer is etched. 40 patterned polysilicon layer 206. 

As in the embodiment described above, polysilicon layers 
204, 206 are preferably between about 100 and about 2,000 
angstroms thick, and more preferably between about 500 
and about 1,600 angstroms thick. Hard masks 230,231 may 
comprise silicon nitride, silicon dioxide and/or silicon 45 

oxynitride, and preferably are between about 100 and about 
500 angstroms thick. The process steps described above may 
be used to create patterned polysilicon layers 204, 206 that 
have an inverted taper profile. As illustrated below, it may be 
easier to coat and fill a trench, which results from removing 50 

layers with such an inverted taper profile, than to fill a 
trench, which results from removing layers that lack such a 
profile. After forming patterned polysilicon layers 204, 206, 

Dummy dielectric layers 205, 207 should be sufficiently 
thick to prevent a significant number of ions from penetrat­
ing through layers 204, 206 and layers 205, 207. Using 
relatively thick dummy dielectric layers may enable one to 
optimize the process used to implant ions into the source and 
drain regions without having to consider whether that pro-
cess will drive too many ions into the channel. After the ion 
implantation and anneal steps, part of the source and drain 
regions may be converted to a silicide using well known 
process steps. Hard masks 230, 231 will prevent layers 204, 
206 from being converted into a silicide, when forming a 
silicide in the source and drain regions. 

After forming spacers 208, 209, 210, 211, dielectric layer 
212 may be deposited over the device, generating the FIG. a conventional etch process may be applied to generate 

patterned dummy dielectric layers 205, 207. 
After forming the FIG. 2A structure, spacers are formed 

55 2D structure. Dielectric layer 212 may comprise silicon 
dioxide, or a low-k material. Dielectric layer 212 may be 
doped with phosphorus, boron, or other elements, and may 
be formed using a high density plasma deposition process. 

on opposite sides of patterned polysilicon layers 204, 206. 
When those spacers comprise silicon nitride, they may be 
formed in the following way. First, a silicon nitride layer of 
substantially uniform thickness-preferably less than about 60 

1000 angstroms thick-is deposited over the entire struc­
ture, producing the structure shown in FIG. 2B. Conven­
tional deposition processes may be used to generate that 
structure. 

In a preferred embodiment, silicon nitride layer 234 is 65 

deposited directly on substrate 200, hard masks 230, 231, 
and opposite sides of patterned polysilicon layers 204, 

By this stage of the process, source and drain regions 235, 
236, 237, 238, which are capped by silicided regions 239, 
240, 241, 242, have already been formed. Conventional 
process steps, materials, and equipment may be used to 
generate those structures, as will be apparent to those skilled 
in the art. 

Dielectric layer 212 is removed from hard masks 230, 
231, which are, in turn, removed from patterned polysilicon 
layers 204, 206, producing the FIG. 2E structure. A conven-

8
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tional chemical mechanical polishing ("CMP") operation 
may be applied to remove that part of dielectric layer 212, 
and hard masks 230, 231. Hard masks 230, 231 must be 
removed to expose patterned polysilicon layers 204, 206. 
Hard masks 230, 231 may be polished from the surface of 
layers 204, 206, when dielectric layer 212 is polished-as 
they will have served their purpose by that stage in the 
process. 

After forming the FIG. 2E structure, patterned polysilicon 
layer 204 is removed to generate trench 213 that is posi­
tioned between sidewall spacers 208, 209-producing the 
structure shown in FIG. 2F. In a preferred embodiment, a 
wet etch process that is selective for layer 204 over patterned 
polysilicon layer 206 is applied to remove layer 204 without 
removing significant portions of layer 206. 

When patterned polysilicon layer 204 is doped n-type, 
and patterned polysilicon layer 206 is doped p-type (e.g., 
with boron), such a wet etch process may comprise exposing 
patterned polysilicon layer 204 to an aqueous solution that 
comprises a source of hydroxide for a sufficient time at a 
sufficient temperature to remove substantially all of layer 
204. That source of hydroxide may comprise between about 
2 and about 30 percent ammonium hydroxide or a tetraalkyl 
ammonium hydroxide, e.g., tetramethyl ammonium hydrox­
ide ("TMAH"), by volume in deionized water. 

Patterned polysilicon layer 204 may be selectively 
removed by exposing it to a solution, which is maintained at 
a temperature between about 15° C. and about 90° C. (and 
preferably below about 40° C.), that comprises between 
about 2 and about 30 percent ammonium hydroxide by 
volume in deionized water. During that exposure step, which 
preferably lasts at least one minute, it may be desirable to 
apply sonic energy at a frequency of between about 10 KHz 
and about 2,000 KHz, while dissipating at between about 1 
and about 10 watts/cm2

. 

In a particularly preferred embodiment, a patterned poly­
silicon layer with a thickness of about 1,350 angstroms may 
be selectively removed by exposing it at about 25° C. for 
about 30 minutes to a solution that comprises about 15 
percent ammonium hydroxide by volume in deionized 
water, while applying sonic energy at about 1,000 KHz­
dissipating at about 5 watts/cm2

. Such an etch process 
should remove substantially all of an n-type patterned poly­
silicon layer without removing a meaningful amount of a 
p-type patterned polysilicon layer. 

As an alternative, patterned polysilicon layer 204 may be 
selectively removed by exposing it for at least one minute to 
a solution, which is maintained at a temperature between 
about 60° C. and about 90° C., that comprises between about 
20 and about 30 percent TMAH by volume in deionized 
water, while applying sonic energy. Removing a patterned 
polysilicon layer with a thickness of about 1,350 angstroms 
by exposing it at about 80° C. for about 2 minutes to a 
solution that comprises about 25 percent TMAH by volume 
in deionized water (while applying sonic energy at about 
1,000 KHz, dissipating at about 5 watts/cm2

) may remove 
substantially all of that layer without removing a significant 
amount of layer 206. First dummy dielectric layer 205 
should be sufficiently thick to prevent the etchant that is 
applied to remove patterned polysilicon layer 204 from 
reaching the channel region that is located beneath first 
dummy dielectric layer 205. 

When patterned polysilicon layer 204 is removed to form 
trench 213, the resulting trench is wider at the top than at the 
bottom because of patterned polysilicon layer 204' s inverted 
taper profile. The sides of such a trench may be more 
uniformly coated than the sides of a trench that is narrower 

6 
at the top than at the bottom. In addition, it may be easier to 
fill such a trench with metal, without void formation at the 
trench center, than to fill a trench that is narrower at the top 
than at the bottom: 

After removing patterned polysilicon layer 204, first 
dummy dielectric layer 205 is removed. When first dummy 
dielectric layer 205 comprises silicon dioxide, it may be 
removed using an etch process that is selective for silicon 
dioxide to generate the FIG. 2G structure. Such etch pro-

10 cesses include: exposing layer 205 to a solution that includes 
about 1 percent HF in deionized water, or applying a dry 
etch process that employs a fluorocarbon based plasma. 
Layer 205 should be exposed for a limited time, as the etch 
process for removing layer 205 may also remove part of 

15 dielectric layer 212. 
After removing first dummy dielectric layer 205, gate 

dielectric layer 214 is formed on substrate 200 at the bottom 
of trench 213, generating the FIG. 2H structure. Although 
gate dielectric layer 214 may comprise any material that 

20 may serve as a gate dielectric for an NMOS transistor that 
includes a metal gate electrode, gate dielectric layer 214 
preferably comprises a high-k dielectric material. Some of 
the materials that may be used to make high-k gate dielectric 
214 include: hafnium oxide, hafnium silicon oxide, lantha-

25 num oxide, zirconium oxide, zirconium silicon oxide, tan­
talum oxide, titanium oxide, barium strontium titanium 
oxide, barium titanium oxide, strontium titanium oxide, 
yttrium oxide, aluminum oxide, lead scandium tantalum 
oxide, and lead zinc niobate. Particularly preferred are 

30 hafnium oxide, zirconium oxide, and aluminum oxide. 
Although a few examples of materials that may be used to 
form high-k gate dielectric layer 214 are described here, that 
layer may be made from other materials. 

High-k gate dielectric layer 214 may be formed on 
35 substrate 200 using a conventional deposition method, e.g., 

a conventional chemical vapor deposition ("CVD"), low 
pressure CVD, or physical vapor deposition ("PVD") pro­
cess. Preferably, a conventional atomic layer CVD process 
is used. In such a process, a metal oxide precursor ( e.g., a 

40 metal chloride) and steam may be fed at selected flow rates 
into a CVD reactor, which is then operated at a selected 
temperature and pressure to generate an atomically smooth 
interface between substrate 200 and high-k gate dielectric 
layer 214. The CVD reactor should be operated long enough 

45 to form a layer with the desired thickness. In most applica­
tions, high-k gate dielectric layer 214 should be less than 
about 60 angstroms thick, and more preferably between 
about 5 angstroms and about 40 angstroms thick. 

As shown in FIG. 2H, when an atomic layer CVD process 
50 is used to form high-k gate dielectric layer 214, that layer 

will form on the sides of trench 213 in addition to forming 
on the bottom of that trench. If high-k gate dielectric layer 
214 comprises an oxide, it may manifest oxygen vacancies 
at random surface sites and unacceptable impurity levels, 

55 depending upon the process used to make it. It may be 
desirable to remove impurities from layer 214, and to 
oxidize it to generate a layer with a nearly idealized metal: 
oxygen stoichiometry, after layer 214 is deposited. 

To remove impurities from that layer and to increase that 
60 layer's oxygen content, a wet chemical treatment may be 

applied to high-k gate dielectric layer 214. Such a wet 
chemical treatment may comprise exposing high-k gate 
dielectric layer 214 to a solution that comprises hydrogen 
peroxide at a sufficient temperature for a sufficient time to 

65 remove impurities from high-k gate dielectric layer 214 and 
to increase the oxygen content ofhigh-k gate dielectric layer 
214. The appropriate time and temperature at which high-k 

9
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gate dielectric layer 214 is exposed may depend upon the 
desired thickness and other properties for high-k gate dielec­
tric layer 214. 

When high-k gate dielectric layer 214 is exposed to a 
hydrogen peroxide based solution, an aqueous solution that 5 

contains between about 2% and about 30% hydrogen per­
oxide by volume may be used. That exposure step should 
take place at between about 15° C. and about 40° C. for at 
least about one minute. In a particularly preferred embodi­
ment, high-k gate dielectric layer 214 is exposed to an 10 

aqueous solution that contains about 6.7% H2 O2 by volume 
for about 10 minutes at a temperature of about 25° C. During 
that exposure step, it may be desirable to apply sonic energy 
at a frequency of between about 10 KHz and about 2,000 
KHz, while dissipating at between about 1 and about 10 15 

watts/cm2
. In a preferred embodiment, sonic energy may be 

applied at a frequency of about 1,000 KHz, while dissipating 
at about 5 watts/cm2

. 

Although not shown in FIG. 2H, it may be desirable to 
form a capping layer, which is no more than about five 20 

monolayers thick, on high-k gate dielectric layer 214. Such 
a capping layer may be formed by sputtering one to five 
monolayers of silicon, or another material, onto the surface 
of high-k gate dielectric layer 214. The capping layer may 
then be oxidized, e.g., by using a plasma enhanced chemical 25 

vapor deposition process or a solution that contains an 
oxidizing agent, to form a capping dielectric oxide. 

Although in some embodiments it may be desirable to 
form a capping layer on gate dielectric layer 214, in the 
illustrated embodiment, n-type metal layer 215 is formed 30 

directly on layer 214 to fill trench 213 and to generate the 
FIG. 21 structure. N-type metal layer 215 may comprise any 
n-type conductive material from which a metal NMOS gate 
electrode may be derived. Materials that may be used to 
form n-type metal layer 215 include: hafnium, zirconium, 35 

titanium, tantalum, aluminum, and their alloys, e.g., metal 
carbides that include these elements, i.e., hafnium carbide, 
zirconium carbide, titanium carbide, tantalum carbide, and 
aluminum carbide. N-type metal layer 215 may be formed 
on high-k gate dielectric layer 214 using well known PVD 40 

or CVD processes, e.g., conventional sputter or atomic layer 
CVD processes. As shown in FIG. 21, n-type metal layer 215 
is removed except where it fills trench 213. Layer 215 may 
be removed from other portions of the device via a wet or 
dry etch process, or an appropriate CMP operation. Dielec- 45 

tric 212 may serve as an etch or polish stop, when layer 215 
is removed from its surface. 

N-type metal layer 215 preferably serves as a metal 
NMOS gate electrode that has a workfunction that is 
between about 3.9 eV and about 4.2 eV, and that is between 50 

about 100 angstroms and about 2,000 angstroms thick, and 
more preferably is between about 500 angstroms and about 
1,600 angstroms thick. Although FIGS. 21 and 21 represent 
structures in which n-type metal layer 215 fills all of trench 
213, in alternative embodiments, n-type metal layer 215 may 55 

fill only part of trench 213, with the remainder of the trench 
being filled with a material that may be easily polished, e.g., 
tungsten, aluminum, titanium, or titanium nitride. In such an 
alternative embodiment, n-type metal layer 215, which 
serves as the workfunction metal, may be between about 50 60 

and about 1,000 angstroms thick-and more preferably at 
least about 100 angstroms thick. 
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workfunction metal, the trench fill metal may cover the 
entire device when deposited, forming a structure like the 
FIG. 21 structure. That trench fill metal must then be 
polished back so that it fills only the trench, generating a 
structure like the FIG. 21 structure. 

In the illustrated embodiment, after forming n-type metal 
layer 215 within trench 213, patterned polysilicon layer 206 
is removed to generate trench 250 that is positioned between 
sidewall spacers 210, 211-producing the structure shown 
in FIG. 2K. In a preferred embodiment, layer 206 is exposed 
to a solution that comprises between about 20 and about 30 
percent TMAH by volume in deionized water for a sufficient 
time at a sufficient temperature (e.g., between about 60° C. 
and about 90° C.), while applying sonic energy, to remove 
all of layer 206 without removing significant portions of 
n-type metal layer 215. 

Second dummy dielectric layer 207 may be removed and 
replaced with gate dielectric layer 260, using process steps 
like those identified above. Gate dielectric layer 260 pref­
erably comprises a high-k gate dielectric layer. Optionally, 
as mentioned above, a capping layer (which may be oxidized 
after it is deposited) may be formed on gate dielectric layer 
260 prior to filling trench 250 with a p-type metal. In this 
embodiment, however, after replacing layer 207 with layer 
260, p-type metal layer 216 is formed directly on layer 260 
to fill trench 250 and to generate the FIG. 2L structure. 
P-type metal layer 216 may comprise any p-type conductive 
material from which a metal PMOS gate electrode may be 
derived. 

Materials that may be used to form p-type metal layer 216 
include: rnthenium, palladium, platinum, cobalt, nickel, and 
conductive metal oxides, e.g., ruthenium oxide. P-type metal 
layer 216 may be formed on gate dielectric layer 260 using 
well known PVD or CVD processes, e.g., conventional 
sputter or atomic layer CVD processes. As shown in FIG. 
2M, p-type metal layer 216 is removed except where it fills 
trench 250. Layer 216 may be removed from other portions 
of the device via a wet or dry etch process, or an appropriate 
CMP operation, with dielectric 212 serving as an etch or 
polish stop. P-type metal layer 216 may serve as a metal 
PMOS gate electrode with a workfunction that is between 
about 4.9 eV and about 5.2 eV, and that is between about 100 
angstroms and about 2,000 angstroms thick, and more 
preferably is between about 500 angstroms and about 1,600 
angstroms thick. 

Although FIGS. 2L and 2M represent structures in which 
p-type metal layer 216 fills all of trench 250, in alternative 
embodiments, p-type metal layer 216 may fill only part of 
trench 250. As with the metal NMOS gate electrode, the 
remainder of the trench may be filled with a material that 
may be easily polished, e.g., tungsten, aluminum, titanium, 
or titanium nitride. In such an alternative embodiment, 
p-type metal layer 216, which serves as the workfunction 
metal, may be between about 50 and about 1,000 angstroms 
thick. Like the metal NMOS gate electrode, in embodiments 
in which trench 250 includes a workfunction metal and a 
trench fill metal, the resulting metal PMOS gate electrode 
may be considered to comprise the combination of both the 
workfunction metal and the trench fill metal. 

Although a few examples of materials that may be used to 
form dummy dielectric layers 205, 207 and metal layers 215 
and 216 are described here, those dummy dielectric layers 
and those metal layers may be made from many other 

In embodiments in which trench 213 includes both a 
workfunction metal and a trench fill metal, the resulting 
metal NMOS gate electrode may be considered to comprise 
the combination of both the workfunction metal and the 
trench fill metal. If a trench fill metal is deposited on a 

65 materials, as will be apparent to those skilled in the art. 
Although this embodiment illustrates forming a metal 
NMOS gate electrode prior to forming a metal PMOS gate 
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electrode, alternative embodiments may form a metal PMOS 
gate electrode prior to forming a metal NMOS gate elec­
trode. 

After removing metal layer 216, except where it fills 
trench 250, a capping dielectric layer (not shown) may be 
deposited onto dielectric layer 212, metal NMOS gate 
electrode 215, and metal PMOS gate electrode 216, using 
any conventional deposition process. Process steps for com­
pleting the device that follow the deposition of such a 
capping dielectric layer, e.g., forming the device's contacts, 10 

metal interconnect, and passivation layer, are well known to 
those skilled in the art and will not be described here. 

The method described above may enable narrow trenches 
to be formed whose sides may be uniformly coated with 
selected materials, and that may be completely filled with 15 

metal without voids being created in their centers. Although 
the embodiments described above provide examples of 
processes for forming devices that include such trenches, the 
present invention is not limited to these particular embodi­
ments. 

Although the foregoing description has specified certain 
steps and materials that may be used in the present inven­
tion, those skilled in the art will appreciate that many 
modifications and substitutions may be made. Accordingly, 

20 

it is intended that all such modifications, alterations, substi- 25 

tutions and additions be considered to fall within the spirit 
and scope of the invention as defined by the appended 
claims. 

What is claimed is: 
30 

1. A method for making a semiconductor device compris-
ing: 

forming a dielectric layer on a substrate; 
forming a polysilicon layer on the dielectric layer; and 
etching the polysilicon layer to generate a patterned 35 

polysilicon layer that has an upper surface, a lower 
surface, and at least one sidewall, the upper surface 
having a first width that is less than or equal to about 
45 angstroms, the lower surface having a second width 
that is less than or equal to about 40 angstroms, and the 40 
sidewall meeting a plane of the dielectric layer at an 
angle that is less than about 87 degrees but sufficiently 
wide to enable a spacer to be formed on the sidewall; 

wherein the first width is at least about 5 angstroms 
greater than the second width. 45 
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7. The method of claim 6 wherein the masking layer is 

created at least in part by forming a silicon nitride layer that 
is between about 100 angstroms and about 500 angstroms 
thick on the polysilicon layer, then etching the silicon nitride 
layer by exposing that layer to a plasma. 

8. The method of claim 1 wherein the dielectric layer is a 
high-k dielectric layer. 

9. A method for making a semiconductor device compris­
ing: 

forming a silicon dioxide layer on a substrate; 
forming on the silicon dioxide layer a polysilicon layer 

that is between about 100 and about 2,000 angstroms 
thick; 

forming a first silicon nitride layer that is between about 
100 angstroms and about 500 angstroms thick on the 
polysilicon layer; 

etching the first silicon nitride layer to create a hard mask; 
and 

etching the polysilicon layer to generate a patterned 
polysilicon layer that has an upper surface, a lower 
surface, and at least one sidewall, the upper surface 
having a first width that is less than or equal to about 
45 angstroms, the lower surface having a second width 
that is less than or equal to about 40 angstroms, and the 
sidewall meeting a plane of the silicon dioxide layer at 
an angle that is less than about 87 degrees but suffi-
ciently wide to enable a spacer to be formed on the 
sidewall; 

wherein the first width is at least about 5 angstroms 
greater than the second width. 

10. The method of claim 9 further comprising: 
etching the silicon dioxide layer after the polysilicon layer 

is etched to generate a patterned silicon dioxide layer; 
depositing a second silicon nitride layer on the substrate, 

the hard mask, and the patterned polysilicon layer; 
removing the second silicon nitride layer from part of the 

substrate to form first and second spacers on opposite 
sides of the patterned polysilicon layer; 

removing the hard mask, the patterned polysilicon layer, 
and the patterned silicon dioxide layer to generate a 
trench that is positioned between the first and second 
spacers; 

forming a high-k gate dielectric layer on the substrate at 
the bottom of the trench; and 

filling at least part of the trench with a metal layer that is 
formed on the high-k gate dielectric layer. 

11. The method of claim 10 wherein: the high-k gate 
dielectric layer comprises a material that is selected from the 
group consisting of hafnium oxide, hafnium silicon oxide, 

2. The method of claim 1 further comprising placing the 
substrate, after it is covered with the dielectric layer and the 
polysilicon layer, on a chuck that is positioned within a high 
density plasma etch tool prior to etching the polysilicon 
layer. 

3. The method of claim 2 wherein the dielectric layer is 
electrically charged when the polysilicon layer is etched. 

50 lanthanum oxide, zirconium oxide, zirconium silicon oxide, 
tantalum oxide, titanium oxide, barium strontium titanium 
oxide, barium titanium oxide, strontium titanium oxide, 
yttrium oxide, aluminum oxide, lead scandium tantalum 4. The method of claim 3 wherein the dielectric layer 

comprises a material that is selected from the group con­
sisting of silicon dioxide and a nitrided silicon dioxide and 55 

is sufficiently thick to maintain an electric charge for sub­
stantially the entire time that the polysilicon layer is etched, 
the polysilicon layer is between about 100 and about 2,000 
angstroms thick, and the polysilicon layer is etched by 
exposing the polysilicon layer to a plasma derived from 60 

chlorine, hydrogen bromide, oxygen, and argon. 
5. The method of claim 4 wherein RE bias power of less 

than about 100 watts is applied to the chuck as the polysili­
con layer is etched. 

6. The method of claim 1 further comprising forming a 65 

masking layer on the polysilicon layer prior to etching the 
polysilicon layer. 

oxide, and lead zinc niobate; and 
the metal layer fills the entire trench and comprises a 

material that is selected from the group consisting of 
hafnium, zirconium, titanium, tantalum, aluminum, a 
metal carbide, ruthenium, palladium, platinum, cobalt, 
nickel, and a conductive metal oxide. 

12. The method of claim 10 further comprising: 
forming a dielectric layer on the hard mask and the 

substrate after forming the first and second spacers; 
applying a chemical mechanical polishing process to 

remove the dielectric layer from the hard mask prior to 
removing the hard mask, the patterned polysilicon 
layer, and the patterned silicon dioxide layer to gener-
ate the trench; 
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filling only part of the trench with a workfunction metal 
that is between about 50 and about 1,000 angstroms 
thick; and 

forming on the workfunction metal a trench fill metal that 
is selected from the group consisting of tungsten, 
aluminum, titanium, and titanium nitride. 

13. The method of claim 9 wherein the metal layer 
comprises a material that is selected from the group con­
sisting of hafnium, zirconium, titanium, tantalum, alumi­
num, and a metal carbide, and has a workfunction that is 10 

between about 3.9 eV and about 4.2 eV. 
14. The method of claim 9 wherein the metal layer 

comprises a material that is selected from the group con­
sisting of ruthenium, palladium, platinum, cobalt, nickel, 
and a conductive metal oxide, and has a workfunction that 15 

is between about 4.9 eV and about 5.2 eV. 
15. A method for making a semiconductor device com­

prising: 
forming a nitrided silicon dioxide layer on a substrate; 
forming on the nitrided silicon dioxide layer a polysilicon 20 

layer that is between about 100 and about 2,000 ang­
stroms thick; 

forming a first silicon nitride layer that is between about 
100 and about 500 angstroms thick on the polysilicon 
layer; 25 

etching the first silicon nitride layer, the polysilicon layer, 
and the nitrided silicon dioxide layer, to form a hard 
mask, a patterned polysilicon layer, and a patterned 
nitrided silicon dioxide layer, wherein a sidewall of the 
patterned polysilicon layer meets a plane of the pat- 30 

terned nitrided silicon dioxide layer at an angle that is 
less than about 87 degrees but sufficiently wide to 
enable a spacer to be formed on the sidewall; 

depositing a second silicon nitride layer on the substrate, 
the hard mask and on opposite sides of the patterned 35 

polysilicon layer; 
removing the second silicon nitride layer from part of the 

substrate and from the hard mask to form first and 
second spacers on opposite sides of the patterned 
polysilicon layer; 40 

forming a dielectric layer on the hard mask and on the 
substrate; 

removing the dielectric layer from the hard mask; 
removing the hard mask, the patterned polysilicon layer 

and the patterned nitrided silicon dioxide layer to 45 

generate a trench that is positioned between the first 
and second spacers; 

forming a high-k gate dielectric layer on the substrate at 
the bottom of the trench; and 
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filling at least part of the trench with a metal layer that is 

formed on the high-k gate dielectric layer; 
wherein the nitrided silicon dioxide layer maintains an 

electric charge for substantially the entire time that the 
polysilicon layer is etched. 

16. The method of claim 15 wherein the patterned poly­
silicon layer has an upper surface and a lower surface, the 
upper surface having a first width that is less than or equal 
to about 45 angstroms, the lower surface having a second 
width that is less than or equal to about 40 angstroms, and 
the first width being at least about 5 angstroms greater than 
the second width. 

17. The method of claim 15 wherein: 
the high-k gate dielectric layer comprises a material that 

is selected from the group consisting of hafnium oxide, 
hafnium silicon oxide, lanthanum oxide, zirconium 
oxide, zirconium silicon oxide, tantalum oxide, tita­
nium oxide, barium strontium titanium oxide, barium 
titanium oxide, strontium titanium oxide, yttrium 
oxide, aluminum oxide, lead scandium tantalum oxide, 
and lead zinc niobate; and 

the metal layer fills the entire trench and comprises a 
material that is selected from the group consisting of 
hafnium, zirconium, titanium, tantalum, aluminum, a 
metal carbide, ruthenium, palladium, platinum, cobalt, 
nickel, and a conductive metal oxide. 

18. The method of claim 15 wherein the metal layer 
comprises a material that is selected from the group con­
sisting of hafnium, zirconium, titanium, tantalum, alumi­
num, and a metal carbide, and has a workfunction that is 
between about 3.9 eV and about 4.2 eV. 

19. The method of claim 15 wherein the metal layer 
comprises a material that is selected from the group con­
sisting of ruthenium, palladium, platinum, cobalt, nickel, 
and a conductive metal oxide, and has a workfunction that 
is between about 4.9 eV and about 5.2 eV. 

20. The method of claim 15 wherein: 
a chemical mechanical polishing process is used to 

remove the dielectric layer from the hard mask; and 
the metal layer serves as a workfunction metal that fills 

only part of the trench and is between about 50 and 
about 1,000 angstroms thick; and 

further comprising forming on the metal layer a trench fill 
metal that is selected from the group consisting of 
tungsten, aluminum, titanium, and titanium nitride. 

* * * * * 
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