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(57) ABSTRACT 

In a metal gate replacement process, a cup-shaped gate metal 
oxide dielectric may have a Vertical portion that may be 
exposed to a silicon ion implantation. As a result of the 
implantation, the dielectric constant of a Vertical portion 
may be reduced, reducing fringe capacitance. 

///%///2//%///' 60b 

h 

114 137 160 



Patent Application Publication Feb. 8, 2007 Sheet 1 0f 5 US 2007/0029627 A1 

1 

FIG. 1A 

FIG. 1B 

/-109 110-\ ‘\ / 
108/ /-105 ,-107 



Patent Application Publication Feb. 8, 2007 Sheet 2 0f 5 US 2007/0029627 A1 

110 
140 706 111 

112 

142 

136a 141 '37 138a '38 

FIG. 1D 

"”\ [11% 
W W W @ 

FIG. 1E 

10 113 109 112106—\ 

5‘\\\ //_ /r \ 

FIG. 1F 



Patent Application Publication Feb. 8, 2007 Sheet 3 0f 5 

106—\ 113—\ \ 

FIG. 16 

11 

\\\\/T //////////////%/////////)(</////// X\//// ////////// 

L114 

FIG. 1| 

US 2007/0029627 A1 

100 

100 



Patent Application Publication Feb. 8, 2007 Sheet 4 0f 5 US 2007/0029627 A1 

115 

/ 112—\ 106_\ 
\ \ \ Q 

\—114 

FIG.1J 

/115112-\ 110_\ [153-111 \\ / 

§‘ 
W \W W \W 

114 \—107 

FIG.1K 

116 

112—\ 
’ //////////// //// //////)(\//////////////\/ ///7///////// 

74'@T7\ 
\_ 

FIG. 1L 16” 



Patent Application Publication Feb. 8, 2007 Sheet 5 0f 5 US 2007/0029627 A1 

115 116 
114a / 112 160a / _\ X _\ 

\\ 

W \@ W' \@ 
\—114 ¥160 

FIG. 1M 

//4//%{//' 
§ / ~ . 

114 137 

FIG. 1N 



US 2007/0029627 A1 

REDUCING THE DIELECTRIC CONSTANT OF A 
PORTION OF A GATE DIELECTRIC 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a divisional of US. patent 
application Ser. No. l0/877,836, ?led on Jun. 24, 2004. 

BACKGROUND 

[0002] This invention relates generally to the fabrication 
of integrated circuits. 

[0003] When making a complementary metal oxide semi 
conductor (CMOS) device that includes metal gate elec 
trodes, it may be necessary to make the NMOS and PMOS 
gate electrodes from different materials. A replacement gate 
process may be used to form gate electrodes from different 
metals. In that process, a ?rst polysilicon layer, bracketed by 
a pair of spacers, is removed to create a trench betWeen the 
spacers. The trench is ?lled With a ?rst metal. The second 
polysilicon layer is then removed, and replaced With a 
second metal that differs from the ?rst metal. 

[0004] The ?rst and second polysilicon layers may be 
formed on a dielectric layer. The dielectric layer serves as an 
etch stop layer and prevents signi?cant numbers of ions 
from reaching the channel, When ions are implanted into the 
polysilicon layers. The dielectric layer may, for example, 
comprise silicon dioxide or, alternatively, a high-k dielectric 
layer. 
[0005] To enable the ?rst polysilicon layer to be removed 
Without removing a signi?cant amount of the second poly 
silicon layer, it may be desirable to dope the second poly 
silicon layer With p-type impurities. If an ion implantation 
process is used to dope that layer, ions may penetrate 
through an underlying silicon dioxide layeriif that layer is 
too thin. In addition, if the polysilicon layers are removed 
using a Wet etch process, a silicon dioxide layer that is too 
thin may not prevent the etchant from attacking the under 
lying substrate. For these reasons, if the ?rst and second 
polysilicon layers are formed on an ultra thin silicon dioxide 
layer, process steps for removing those polysilicon layers 
may damage the channel region. 

[0006] Replacing an ultra thin silicon dioxide layer With a 
high dielectric constant (high-k) dielectric layer may prevent 
such process steps from damaging the channel region. It 
may, hoWever, be di?icult to accurately pattern a high-k 
dielectric layer. In addition, etching a high-k dielectric layer 
Will expose surfaces of that layer. Those exposed surfaces 
may leave the channel region vulnerable to oxidation. 

[0007] The metal gate ?eld effect transistor may have a 
horizontal gate dielectric betWeen the metal gate and the 
substrate. Such a transistor may also have a vertical portion 
of the gate dielectric that extends upWardly along the sides 
of the metal gate. 

[0008] The vertical portion of the gate dielectric may 
increase fringe capacitance at the gate sideWalls. This fringe 
capacitance reduces the speed of the resulting electronic 
devices. 

[0009] Thus, there is a need for a Way to reduce the fringe 
capacitance arising from vertical gate dielectric portions in 
metal gate ?eld effect transistors. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIGS. 1A-1N represent enlarged, cross-sections of 
structures that may be formed When carrying out an embodi 
ment of the method of the present invention. 

[0011] Features shoWn in these ?gures are not intended to 
be draWn to scale. 

DETAILED DESCRIPTION 

[0012] A semiconductor structure includes ?rst part 101 
and second part 102 of substrate 100 as shoWn in FIG. 1A. 
Isolation region 103 separates ?rst part 101 from second part 
102. First sacri?cial layer 104 is formed on ?rst dummy 
dielectric layer 105, and second sacri?cial layer 106 is 
formed on second dummy dielectric layer 107. Hard masks 
130, 131 are formed on sacri?cial layers 104, 106, and etch 
stop layers 132, 133 are formed on hard masks 130, 131. 

[0013] Substrate 100 may comprise a bulk silicon or 
silicon-on-insulator substructure. Alternatively, substrate 
100 may comprise other materialsiWhich may or may not 
be combined With siliconisuch as: germanium, indium 
antimonide, lead telluride, indium arsenide, indium phos 
phide, gallium arsenide, or gallium antimonide. Although a 
feW examples of materials from Which substrate 100 may be 
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. 
Isolation region 103 may comprise silicon dioxide, or other 
materials that may separate the transistor’s active regions. 

[0014] First dummy dielectric layer 105 and second 
dummy dielectric layer 107 may each comprise silicon 
dioxide, or other materials that may protect the substratei 
e.g., carbon doped silicon dioxide, silicon oxynitride, silicon 
nitride, or a nitrided silicon dioxide. Dummy dielectric 
layers 105, 107 may, for example, be at least about 10 
Angstroms thick, and betWeen about 15 Angstroms and 
about 30 Angstroms thick in one embodiment. Dummy 
dielectric layers 105, 107 may comprise a high quality, dense 
thermally groWn silicon dioxide layer. Such a layer may be 
betWeen about 20 and about 30 Angstroms thick in one 
embodiment. 

[0015] Dummy dielectric layers 105, 107 may instead 
comprise a nitrided silicon dioxide, e.g., a dielectric layer 
formed by applying a high temperature anneal to a very thin 
silicon dioxide layer in the presence of nitrogen, or by 
striking a nitrogen plasma in the presence of such a silicon 
dioxide layer. In one embodiment, such an anneal takes 
place at about 6000 C. for about 30 seconds. Annealing such 
a silicon dioxide layer in a nitrogen ambient may cause 
nitrogen to bond to that layer’s surface, Which may yield a 
more robust protective layer. When dummy dielectric layers 
105, 107 comprise a nitride silicon dioxide, they may, for 
example, be betWeen about 10 and about 30 Angstroms thick 
and betWeen about 15 and about 30 Angstroms thick in one 
embodiment. 

[0016] Sacri?cial layers 104, 106 may comprise polysili 
con and may, for example, be betWeen about 100 and about 
2,000 Angstroms thick and betWeen about 500 and about 
1,600 Angstroms thick in one embodiment. Hard masks 130, 
131 may comprise silicon nitride and may, for example, be 
betWeen about 100 and about 500 Angstroms thick and 
betWeen about 200 and about 350 Angstroms thick in one 
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embodiment. Etch stop layers 132, 133 may comprise a 
material that Will be removed at a substantially sloWer rate 
than silicon nitride Will be removed When an appropriate 
etch process is applied. Etch stop layers 132, 133 may, for 
example, be made from an oxide (e.g., silicon dioxide or a 
metal oxide such as hafnium dioxide), a carbide (e.g., silicon 
carbide or a metal carbide), a carbon doped silicon oxide, or 
a carbon doped silicon nitride. Etch stop layers 132, 133 
may, for example, be betWeen about 200 and about 1,200 
Angstroms thick and may be betWeen about 400 and about 
600 Angstroms thick in one embodiment. 

[0017] When sacri?cial layers 104, 106 comprise polysili 
con, and hard mask layers 130, 131 comprise silicon nitride, 
the FIG. 1A structure may be made in the following Way. A 
dummy dielectric layer, Which may comprise silicon diox 
ide, is formed on substrate 100 (e.g., via a conventional 
thermal groWth process), folloWed by forming a polysilicon 
layer on the dielectric layer (e.g., via a conventional depo 
sition process). Using conventional deposition techniques, a 
silicon nitride layer is formed on the polysilicon layer, and 
an etch stop layer is formed on the silicon nitride layer. The 
etch stop, silicon nitride, polysilicon, and dummy dielectric 
layers are then patterned to form patterned etch stop layers 
132, 133, patterned silicon nitride layers 130, 131, patterned 
polysilicon layers 104, 106, and patterned dummy dielectric 
layers 105, 107. When the dummy dielectric layer comprises 
silicon dioxide, one may apply routine etch processes to 
pattern the polysilicon and dummy dielectric layers. 

[0018] After forming the FIG. 1A structure, spacers may 
be formed on opposite sides of sacri?cial layers 104, 106. 
When those spacers comprise silicon nitride, they may be 
formed in the following Way. First, a silicon nitride layer 134 
of substantially uniform thickness, for example, less than 
about 1000 Angstroms thick, is deposited over the entire 
structure, producing the structure shoWn in FIG. 1B. Con 
ventional deposition processes may be used to generate that 
structure. 

[0019] In one embodiment, silicon nitride layer 134 may 
be deposited directly on substrate 100, patterned etch stop 
layers 132, 133, and opposite sides of sacri?cial layers 104, 
106*W1Ih0111 ?rst forming a buffer oxide layer on substrate 
100 and layers 104, 106. In other embodiments, hoWever, 
such a buffer oxide layer may be formed prior to forming 
layer 134. Similarly, although not shoWn in FIG. 1B, a 
second oxide may be formed on layer 134 prior to etching 
that layer. If used, such an oxide may enable the subsequent 
silicon nitride etch step to generate an L-shaped spacer. 

[0020] Silicon nitride layer 134 may be etched using a 
conventional process for anisotropically etching silicon 
nitride to create the sideWall spacers 108, 109, 110, and 111 
shoWn in FIG. 1C. Etch stop layers 132, 133 prevent such an 
anisotropic etch step from removing hard masks 130, 131, 
When silicon nitride layer 134 is etched4even When hard 
masks 130, 131 comprise silicon nitride. As a result of that 
etch step, sacri?cial layer 104 is bracketed by a pair of 
sideWall spacers 108, 109, and sacri?cial layer 106 is 
bracketed by a pair of sideWall spacers 110, 111. 

[0021] As is typically done, it may be desirable to perform 
multiple masking and ion implantation steps to create lightly 
implanted regions 135a-138a near layers 104, 106 (that Will 
ultimately serve as tip regions for the device’s source and 
drain regions), prior to forming spacers 108, 109, 110, 111 
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on sacri?cial layers 104, 106 as shoWn in FIG. 1D. Also as 
is typically done, the source and drain regions 135-138 may 
be formed, after forming spacers 108, 109, 110, 111, by 
implanting ions into parts 101 and 102 of substrate 100, 
folloWed by applying an appropriate anneal step. 

[0022] When sacri?cial layers 104, 106 comprise polysili 
con, an ion implantation and anneal sequence used to form 
n-type source and drain regions Within part 101 of substrate 
100 may dope polysilicon layer 104 n-type at the same time. 
Similarly, an ion implantation and anneal sequence used to 
form p-type source and drain regions Within part 102 of 
substrate 100 may dope polysilicon layer 106 p-type. When 
doping polysilicon layer 106 With boron, that layer may 
include that element at a suf?cient concentration to ensure 
that a subsequent Wet etch process, for removing n-type 
polysilicon layer 104, Will not remove a signi?cant amount 
of p-type polysilicon layer 106. 

[0023] If dummy dielectric layers 105, 107 are at least 
about 20 Angstroms thickiWhen made of silicon dioxidei 
and at least about 10 Angstroms thickiWhen made from a 
nitrided silicon dioxide, they may prevent a signi?cant 
number of ions from penetrating through layers 104, 106 and 
layers 105, 107. For that reason, replacing a relatively thin 
silicon dioxide layer With a relatively thick dummy dielec 
tric layer may enable one to optimiZe the process used to 
implant ions into the source and drain regions Without 
having to consider Whether that process 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. 

[0024] After forming spacers 108, 109, 110, 111, dielectric 
layer 112 may be deposited over the device, generating the 
FIG. 1D structure. Dielectric layer 112 may comprise silicon 
dioxide, or a loW-k material. Dielectric layer 112 may be 
doped With phosphorus, boron, or other elements, and may 
be formed using a high density plasma deposition process. 
By this stage of the process, source and drain regions 135, 
136, 137, 138, Which are capped by silicided regions 139, 
140, 141, 142, have already been formed. Conventional 
process steps, materials, and equipment may be used to 
generate the structures represented by FIGS. 1A-1D, as Will 
be apparent to those skilled in the art. Those structures may 
include other featuresinot shoWn, so as not to obscure the 
method of the present inventionithat may be formed using 
conventional process steps. 

[0025] Dielectric layer 112 is removed from patterned etch 
stop layers 132, 133, Which are, in turn, removed from hard 
masks 130, 131, Which are, in turn, removed from patterned 
sacri?cial layers 104, 106, producing the FIG. 1E structure. 
A conventional chemical mechanical polishing (“CMP”) 
operation may be applied to remove that part of dielectric 
layer 112, patterned etch stop layers 132, 133, and hard 
masks 130, 131. Etch stop layers 132, 133 and hard masks 
130, 131 must be removed to expose patterned sacri?cial 
layers 104, 106. Etch stop layers 132, 133 and hard masks 
130, 131 may be polished from the surface of layers 104, 
106, When dielectric layer 112 is polishedias they Will have 
served their purpose by that stage in the process. 

[0026] After forming the FIG. 1E structure, sacri?cial 
layer 104 is removed to generate trench 113 that is posi 
tioned betWeen sideWall spacers 108, 109iproducing the 
structure shoWn in FIG. 1F. In one embodiment, a Wet etch 
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process that is selective for layer 104 over sacri?cial layer 
106 is applied to remove layer 104 Without removing 
signi?cant portions of layer 106. 

[0027] When sacri?cial layer 104 is doped n-type, and 
sacri?cial layer 106 is doped p-type (e.g., With boron), such 
a Wet etch process may comprise exposing sacri?cial layer 
104 to an aqueous solution that comprises a source of 
hydroxide for a suf?cient time at a suf?cient temperature to 
remove substantially all of layer 104. That source of hydrox 
ide may comprise betWeen about 2 and about 30 percent 
ammonium hydroxide or a tetraalkyl ammonium hydroxide, 
e.g., tetramethyl ammonium hydroxide (“TMAH”), by vol 
ume in deioniZed Water. 

[0028] Sacri?cial layer 104 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 
may last 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. 

[0029] Sacri?cial layer 104, for example, 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 KHZ4dissipating at about 5 Watts/cm2. Such 
an etch process should remove substantially all of an n-type 
polysilicon layer Without removing a meaningful amount of 
a p-type polysilicon layer. 

[0030] As an alternative, sacri?cial layer 104 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 sacri?cial 
gate electrode layer 104, 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 KHZidissipating at about 5 Watts/ 
cmzimay remove substantially all of layer 104 Without 
removing a signi?cant amount of layer 106. First dummy 
dielectric layer 105 may be suf?ciently thick to prevent the 
etchant that is applied to remove sacri?cial layer 104 from 
reaching the channel region that is located beneath ?rst 
dummy dielectric layer 105. 

[0031] After removing sacri?cial layer 104, ?rst dummy 
dielectric layer 105 is removed. When ?rst dummy dielectric 
layer 105 comprises silicon dioxide, it may be removed 
using an etch process that is selective for silicon dioxide to 
generate the FIG. 1G structure. Such etch processes include: 
exposing layer 105 to a solution that includes about 1 
percent hydro?uoric acid (HP) in deioniZed Water, or apply 
ing a dry etch process that employs a ?uorocarbon based 
plasma. Layer 105 may be exposed for a limited time, as the 
etch process for removing layer 105 may also remove part 
of dielectric layer 112. With that in mind, if a 1 percent HF 
based solution is used to remove layer 105, the device may 
be exposed to that solution for less than about 60 seconds, 
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for example for about 30 seconds or less. It may be possible 
to remove layer 105 Without removing a signi?cant amount 
of dielectric layer 112, if layer 105 is less than about 30 
angstroms thick, When initially deposited. 

[0032] After removing ?rst dummy dielectric layer 105, 
gate dielectric layer 114 is formed on substrate 100 at the 
bottom of trench 113, generating the FIG. 1H structure. 
Although gate dielectric layer 114 may comprise any mate 
rial that may serve as a gate dielectric for an NMOS 
transistor that includes a metal gate electrode, gate dielectric 
layer 114 may comprise a high-k metal oxide dielectric 
material. Some of the materials that may be used to make 
high-k gate dielectric 114 include: hafnium oxide, hafnium 
silicon oxide, lanthanum oxide, Zirconium oxide, Zirconium 
silicon oxide, tantalum oxide, titanium oxide, barium stron 
tium titanium oxide, barium titanium oxide, strontium tita 
nium oxide, yttrium oxide, aluminum oxide, lead scandium 
tantalum oxide, and lead Zinc niobate. Particularly useful 
metal oxides include hafnium oxide, Zirconium oxide, and 
aluminum oxide. Although a feW examples of metal oxides 
that may be used to form high-k gate dielectric layer 114 are 
described here, that layer may be made from other metal 
oxides as Well. 

[0033] High-k gate dielectric layer 114 may be formed on 
substrate 100 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 
metal chloride) and steam may be fed at selected ?oW rates 
into a CVD reactor, Which is then operated at a selected 
temperature and pressure to generate an atomically smooth 
interface betWeen substrate 100 and high-k gate dielectric 
layer 114. The CVD reactor should be operated long enough 
to form a layer With the desired thickness. In most applica 
tions, high-k gate dielectric layer 114 may, for example, be 
less than about 60 Angstroms thick and, in one embodiment, 
betWeen about 5 Angstroms and about 40 Angstroms thick. 

[0034] As shoWn in FIG. 1H, When an atomic layer CVD 
process is used to form high-k gate dielectric layer 114, that 
layer Will form on the vertical sides of trench 113 in addition 
to forming on the bottom of that trench. If high-k gate 
dielectric layer 114 comprises an oxide, it may manifest 
oxygen vacancies at random surface sites and unacceptable 
impurity levels, depending upon the process used to make it. 
It may be desirable to remove impurities from layer 114, and 
to oxidiZe it to generate a layer With a nearly idealiZed 
metal:oxygen stoichiometry, after layer 114 is deposited. 

[0035] To remove impurities from that layer and to 
increase that layer’s oxygen content, a Wet chemical treat 
ment may be applied to high-k gate dielectric layer 114. 
Such a Wet chemical treatment may comprise exposing 
high-k gate dielectric layer 114 to a solution that comprises 
hydrogen peroxide at a suf?cient temperature for a suf?cient 
time to remove impurities from high-k gate dielectric layer 
114 and to increase the oxygen content of high-k gate 
dielectric layer 114. The appropriate time and temperature at 
Which high-k gate dielectric layer 114 is exposed may 
depend upon the desired thickness and other properties for 
high-k gate dielectric layer 114. 

[0036] When high-k gate dielectric layer 114 is exposed to 
a hydrogen peroxide based solution, an aqueous solution 
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that contains between about 2% and about 30% hydrogen 
peroxide 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 114 is exposed to an 
aqueous solution that contains about 6.7% H2O2 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 
Watts/cm2. In one embodiment, sonic energy may be applied 
at a frequency of about 1,000 KHZ, While dissipating at 
about 5 Watt s/cm2. 

[0037] Although not shoWn in FIG. 1H, it may be desir 
able to form a capping layer, Which is no more than about 
?ve monolayers thick, on high-k gate dielectric layer 114. 
Such a capping layer may be formed by sputtering one to 
?ve monolayers of silicon, or another material, onto the 
surface of high-k gate dielectric layer 114. The capping layer 
may then be oxidiZed, e.g., by using a plasma enhanced 
chemical vapor deposition process or a solution that contains 
an oxidiZing agent, to form a capping dielectric oxide. 

[0038] Although in some embodiments it may be desirable 
to form a capping layer on gate dielectric layer 114, in the 
illustrated embodiment, n-type metal layer 115 is formed 
directly on layer 114 to ?ll trench 113 and to generate the 
FIG. 11 structure. N-type metal layer 115 may comprise any 
n-type conductive material from Which a metal NMOS gate 
electrode may be derived. N-type metal layer 115 preferably 
has thermal stability characteristics that render it suitable for 
making a metal NMOS gate electrode for a semiconductor 
device. 

[0039] Materials that may be used to form n-type metal 
layer 115 include: hafnium, Zirconium, 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. 
The metal used to form the layer may be the same or a 
different metal than the metal component of the metal oxide 
dielectric layer 114. N-type metal layer 115 may be formed 
on high-k gate dielectric layer 114 using Well knoWn PVD 
or CVD processes, e. g., conventional sputter or atomic layer 
CVD processes. As shoWn in FIG. 1], n-type metal layer 115 
is removed except Where it ?lls trench 113. Layer 115 may 
be removed from other portions of the device via a Wet or 
dry etch process, or an appropriate CMP operation. Dielec 
tric 112 may serve as an etch or polish stop, When layer 115 
is removed from its surface. 

[0040] N-type metal layer 115 may serve as a metal 
NMOS gate electrode that has a Workfunction that is 
betWeen about 3.9 eV and about 4.2 eV, and that may, for 
example, be betWeen about 100 Angstroms and about 2,000 
Angstroms thick and, in one embodiment, is betWeen about 
500 Angstroms and about 1,600 Angstroms thick. Although 
FIGS. 11 and 1] represent structures in Which n-type metal 
layer 115 ?lls all of trench 113, in alternative embodiments, 
n-type metal layer 115 may ?ll only part of trench 113, With 
the remainder of the trench being ?lled 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 115, Which serves as the Work function 
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metal, may, for example, be betWeen about 50 and about 
1,000 Angstroms thick, and, in one embodiment, at least 
about 100 Angstroms thick. 

[0041] In embodiments in Which trench 113 includes both 
a Workfunction metal and a trench ?ll metal, the resulting 
metal NMOS gate electrode may be considered to comprise 
the combination of both the Workfunction metal and the 
trench ?ll metal. If a trench ?ll metal is deposited on a 
Workfunction metal, the trench ?ll metal may cover the 
entire device When deposited, forming a structure like the 
FIG. 1I structure. That trench ?ll metal must then be 
polished back so that it ?lls only the trench, generating a 
structure like the FIG. 1] structure. 

[0042] In the illustrated embodiment, after forming n-type 
metal layer 115 Within trench 113, sacri?cial layer 106 is 
removed to generate trench 150 that is positioned betWeen 
sideWall spacers 110, llliproducing the structure shoWn in 
FIG. 1K. In one embodiment, layer 106 is exposed to a 
solution that comprises betWeen about 20 and about 30 
percent TMAH by volume in deioniZed Water for a suf?cient 
time at a sufficient temperature (e.g., betWeen about 60° C. 
and about 90° C.), While applying sonic energy, to remove 
all of layer 106 Without removing signi?cant portions of 
n-type metal layer 115. 

[0043] Alternatively, a dry etch process may be applied to 
selectively remove layer 106. When sacri?cial gate elec 
trode layer 106 is doped p-type (e.g., With boron), such a dry 
etch process may comprise exposing sacri?cial gate elec 
trode layer 106 to a plasma derived from sulfur hexa?uoride 
(“SP6”), hydrogen bromide (“HBr”), hydrogen iodide 
(“HI”), chlorine, argon, and/or helium. Such a selective dry 
etch process may take place in a parallel plate reactor or in 
an electron cyclotron resonance etcher. 

[0044] Second dummy dielectric layer 107 may be 
removed and replaced With gate dielectric layer 160, using 
process steps like those identi?ed above. Metal oxide dielec 
tric layer 160 preferably 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 160 prior to ?lling trench 150 With 
a p-type metal. In this embodiment, hoWever, after replacing 
layer 107 With layer 160, p-type metal layer 116 is formed 
directly on layer 160 to ?ll trench 150 and to generate the 
FIG. 1L structure. P-type metal layer 116 may comprise any 
p-type conductive material from Which a metal PMOS gate 
electrode may be derived. P-type metal layer 116 preferably 
has thermal stability characteristics that render it suitable for 
making a metal PMOS gate electrode for a semiconductor 
device. 

[0045] Materials that may be used to form p-type metal 
layer 116 include: ruthenium, palladium, platinum, cobalt, 
nickel, and conductive metal oxides, e.g., ruthenium oxide. 
The metal of the layer 116 may be the same or different than 
the metal component of the metal oxide dielectric layer 160. 
P-type metal layer 116 may be formed on gate dielectric 
layer 160 using Well knoWn PVD or CVD processes, e.g., 
conventional sputter or atomic layer CVD processes. As 
shoWn in FIG. 1M, p-type metal layer 116 is removed except 
Where it ?lls trench 150. Layer 116 may be removed from 
other portions of the device via a Wet or dry etch process, or 
an appropriate CMP operation, With dielectric 112 serving as 
an etch or polish stop. 
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[0046] P-type metal layer 116 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 may, for example, be betWeen 
about 100 Angstroms and about 2,000 Angstroms thick and, 
in one embodiment, is betWeen about 500 Angstroms and 
about 1,600 Angstroms thick. 

[0047] Although FIGS. 1L and 1M represent structures in 
Which p-type metal layer 116 ?lls all of trench 150, in 
alternative embodiments, p-type metal layer 116 may ?ll 
only part of trench 150. As With the metal NMOS gate 
electrode, the remainder of the trench may be ?lled With a 
material that may be easily polished, e.g., tungsten, alumi 
num, titanium, or titanium nitride. In such an alternative 
embodiment, p-type metal layer 116, 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 150 includes a Workfunc 
tion metal and a trench ?ll metal, the resulting metal PMOS 
gate electrode may be considered to comprise the combina 
tion of both the Workfunction metal and the trench ?ll metal. 

[0048] The vertical portions 114a, 160a ofthe gate dielec 
tric 114, 160 do not signi?cantly contribute to the perfor 
mance of the resulting transistor and Would produce fringe 
capacitance. To this end, the FIG. 1N structure may be 
exposed to a loW angle ion implantion l as indicated in FIG. 
IN. The implantation I may implant silicon ions to convert 
the vertical portions 114a, 16011 of the metal oxide dielectric 
114, 160 to a ternary silicate 114b, 1601). The ternary silicate 
114b, 1601) has a much loWer dielectric constant. By expos 
ing the upper surface of the semiconductor structure to a 
silicon ion implant “I”, as indicated in FIG. IN, the dielec 
tric constant of the vertical portions 114a, 16011 of the gate 
metal oxide dielectric 114, 160 may be reduced, thereby 
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reducing the fringe capacitance that Would otherWise have 
been contributed by the unimplanted portions 114a, 160. 

[0049] In one embodiment, the implant angle may be from 
30 to 60 degrees, the dose may be from lel5 to lel6 atoms 
per cm2 and the energy may be 20 to 30 keV. The implan 
tation may be repeated With an intervening 180o Wafer 
rotation, in some embodiments. 

[0050] While the present invention has been described 
With respect to a limited number of embodiments, those 
skilled in the art Will appreciate numerous modi?cations and 
variations therefrom. It is intended that the appended claims 
cover all such modi?cations and variations as fall Within the 
true spirit and scope of this present invention. 

What is claimed is: 
1. A semiconductor structure comprising: 

a semiconductor substrate; 

a metal oxide gate dielectric over said substrate including 
a ternary silicate and a metal oxide; and 

a metal gate electrode over said gate dielectric. 
2. The structure of claim 1 Wherein said dielectric 

includes a horiZontal metal oxide portion that is substantially 
transverse to said ternary silicate. 

3. The structure of claim 1 Wherein said metal oxide has 
a dielectric constant greater than 10. 

4. The structure of claim 3 Wherein said ternary silicate is 
along side said gate electrode. 

5. The structure of claim 4 Wherein said metal oxide is 
under said gate electrode. 

* * * * * 


