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ABSTRACT 

A method of fabricating a tri-gate semiconductor device com 
prising a semiconductor body having an upper surface and 
side surfaces and a metal gate that has an approximately equal 
thickness on the upper and side surfaces. Embodiments of a 
tri-gate device With conformal physical vapor deposition 
Workfunction metal on its three-dimensional body are 
described herein. Other embodiments may be described and 
claimed. 
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TRI-GATE DEVICE WITH CONFORMAL PVD 
WORKFUNCTION METAL ON ITS 
THREE-DIMENSIONAL BODY AND 
FABRICATION METHOD THEREOF 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a divisional application of Ser. 
No. 11/418,295 ?led May 3, 2006, entitled “TRI-GATE 
DEVICE WITH CONFORMAL PVD WORKFUNCTION 
METAL ON ITS THREE-DIMENSIONAL BODY AND 
FABRICATION METHOD THEREOF”. 

FIELD OF THE INVENTION 

[0002] The ?eld of invention relates generally to the ?eld of 
semiconductor integrated circuit manufacturing and more 
speci?cally, but not exclusively, relates to complementary 
metal oxide semiconductor (CMOS) devices having a con 
formal metal gate structure on a three-dimensional tri-gate ?n 
body. 

BACKGROUND INFORMATION 

[0003] In a conventional metal oxide semiconductor ?eld 
effect transistor (MOSFET), the source, channel, and drain 
structures are constructed adjacent to each other Within the 
same plane. The gate dielectric is formed on the channel area 
and the gate electrode is deposited on the gate dielectric. The 
transistor is controlled by applying a voltage to the gate 
electrode thereby alloWing a current to How through the chan 
nel betWeen source and drain. The area necessary to support 
these structures in a plane constrains the number of transistors 
that can be placed Within the limited area of a semiconductor 
chip. Semiconductor manufacturers increase the packing 
density of transistors by scaling doWn the siZe of the transistor 
at each generation of technology. 
[0004] With advances in technology, the physical dimen 
sions of the gate dielectric thickness, the gate length, and the 
gate oxide thickness have been reduced signi?cantly. Con 
temporary manufacturing methods currently alloW semicon 
ductors to be produced With a transistor gate length of 45 
nanometers (nm) and a gate oxide thickness of about 1.2 nm. 
One conventional gate oxide, silicon dioxide, exhibits reli 
ability issues When only a feW atomic layers thick. Addition 
ally, this very thin gate oxide alloWs leakage current to pass 
When the device is in an off state, thereby leading to high 
levels of poWer consumption and excess heat generation in 
the semiconductor chip. 
[0005] Alternative gate dielectric materials have been 
introduced to help alleviate this problem. HoWever, due to 
material incompatibility problems, the alternative gate 
dielectric materials have necessitated a change in gate elec 
trode materials. The polysilicon that has been used as a gate 
electrode material for many generations is noW being 
replaced With a metal gate. Fabrication of the device using a 
metal gate instead of a polysilicon gate alloWs the threshold 
voltage of a transistor to be better controlled. 
[0006] An alternative to the standard methods of building 
planar MOSFETs has been proposed to help alleviate some of 
the physical barriers to scaling doWn existing designs. These 
proposals involve the construction of three dimensional 
MOSFETs either in the form of a dual-gate transistor (Fin 
FET) or as a tri-gate transistor as a replacement for the con 
ventional planar MOSFET. 
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[0007] Three-dimensional transistor designs such as the 
dual-gate FinF ET and the tri-gate transistor alloW tighter 
packing of the same number of transistors on a semiconductor 
chip by using vertical or angled surfaces for the gates. The 
designers use vertical space to accommodate the extra tran 
sistor gates, Which is analogous to building multi-level build 
ings as opposed to building single story buildings over a 
larger plot of land. In a dual-gate FinFET, tWo gates are 
oriented along a very narroW strip of silicon knoWn as a ?n. 
The tWo gates have equivalent lengths because they are 
located along opposite sides of the ?ne. The physical siZe of 
the ?n is typically on the order of 10 nm in Width and 50 nm 
in height. A tri-gate device consists of three gates on a semi 
conductor body Whereby the physical dimensions of the sides 
of the semiconductor body are equal, resulting in three 
equivalent transistor gate Widths on the same semiconductor 
body. 
[0008] Since the tri-gate device has one top gate and tWo 
side gates, the overall threshold voltage (V t) of the tri-gate 
device is a function of the Vt contributed by the top gate and 
the Vt for each of the tWo side gates. The Vt of a transistor is 
a critical parameter in the operation of the transistor. When a 
voltage is applied to a gate, the electrons in the substrate 
become concentrated in the region of the substrate nearest the 
gate creating a depletion region, or a region Where the con 
centration of electrons are equal to the electron holes. If the 
voltage applied to the gate is beloW the threshold voltage, the 
transistor Will remain in an off state. If the voltage applied to 
the gate is above the threshold voltage, then the transistor is 
turned on and current is alloWed to How from the source to the 
drain. 
[0009] The Vt is a function of the materials used for the 
conductor, such as a polysilicon layer and a metal layer, along 
With the respective thicknesses of these layers. One problem 
With the current method of fabricating a tri-gate device is that 
the Vt for the top gate may be different than the Vt contributed 
by each of the tWo side gates. As a result, When a tri-gate 
device With equal Width gates on the top and tWo sides of the 
device is scaled, the Vt for the top gate scales differently than 
the Vt contributed by the tWo side gates. It Would be an 
advance in the art to construct a tri-gate device Whose physi 
cal dimensions can be scaled While maintaining an equivalent 
Vt on all three gates. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] The foregoing aspects and many of the attendant 
advantages of this invention Will become more readily appre 
ciated as the same becomes better understood by reference to 
the folloWing detailed description, When taken in conjunction 
With the accompanying draWings, Wherein like reference 
numerals refer to like parts throughout the various vieWs 
unless otherWise speci?ed: 
[0011] FIG. 1 is a ?owchart describing an example fabri 
cation process used to create a Workfunction metal With a 
nearly equivalent metal gate thickness on three surfaces of a 
tri-gate semiconductor device. 
[0012] FIG. 2 is an illustration ofa cross-sectional vieW of 
tWo tri-gate devices after forming a physical vapor deposition 
(PVD) Workfunction metal. 
[0013] FIG. 3 is an illustration of the structure of FIG. 2 
With a sacri?cial masking layer deposited as a blanket layer. 
[0014] FIG. 4 is an illustration of the structure of FIG. 3 
With a top portion of the sacri?cial masking layer removed to 
expose a top surface of the Workfunction metal on a top gate. 
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[0015] FIG. 5 is an illustration of the structure of FIG. 4 
With a thinned Workfunction metal on the top gate. 
[0016] FIG. 6 is an illustration of the structure of FIG. 5 
With the remaining sacri?cial masking layer removed. 
[0017] FIG. 7 is an illustration of the structure of FIG. 6 
With a polysilicon layer deposited on the thinned Workfunc 
tion metal. 

DETAILED DESCRIPTION 

[0018] Embodiments of methods and apparatus for a tri 
gate device With a conformal Workfunction metal of nearly 
equivalent thickness on all three gates are described herein. In 
the folloWing description, numerous speci?c details are set 
forth in order to provide a thorough understanding of embodi 
ments of the present invention. One skilled in the relevant art 
Will recogniZe, hoWever, that the invention can be practiced 
Without one or more of the speci?c details, or With other 
methods, components, materials, etc. In other instances, Well 
knoWn structures, materials, or operations are not shoWn or 
described in detail to avoid obscuring aspects of the invention. 
[0019] Reference throughout this speci?cation to “one 
embodiment” or “an embodiment” means that a particular 
feature, structure, or characteristic described in connection 
With the embodiment is included in at least one embodiment 
of the present invention. Thus, the appearances of the phrases 
“in one embodiment” or “in an embodiment” in various 
places throughout this speci?cation are not necessarily all 
referring to the same embodiment. Furthermore, the particu 
lar features, structures, or characteristics may be combined in 
any suitable manner in one or more embodiments. 

[0020] An example for hoW a conformal metal With a pre 
determined Work function having a nearly equivalent thick 
ness on all three sides of a tri-gate transistor can be formed is 
described in FIG. 1. A Workfunction metal is a metal With a 
knoWn Work function, Which is an inherent characteristic of 
the metal. FIG. 1 describes an embodiment Whereby a Work 
function metal is formed on three surfaces of a semiconductor 
body and the Workfunction metal on a top surface of the 
semiconductor body is eroded to create a metal gate on all 
three surfaces that has a consistent thickness. The process is 
initiated (element 100) by forming the Workfunction metal on 
the top and tWo side surfaces of a semiconductor body. The 
semiconductor body may be formed, for example, from a 
monocrystalline substrate or from a silicon-on-insulator 
(SOI) layer. The three surfaces of the semiconductor body 
may be coated With a thin dielectric layer Which may com 
prise a silicon oxide, or alternatively, a high-k dielectric layer 
such as lanthanum oxide, tantalum oxide, titanium oxide, 
hafnium oxide, Zirconium oxide, lead-Zirconate-titanate 
(PZT), barium-strontium-titanate (BST), or aluminum oxide. 
In one embodiment, the high-k dielectric layer is between 15 
angstroms and 30 angstroms in thickness, although these 
values for the dielectric layer are not limiting. 
[0021] The Workfunction metal can be formed using a 
directional sensitive PVD metal deposition process Whereby 
ions of an inert gas are accelerated toWards a Workfunction 
metal target, Which may comprise titanium nitride (TiN), 
tantalum nitride (TaN), or another transition nitride metal. 
Upon impact, the ions from the inert gas sputter-off a target 
material and the target material forms on the surface of the 
tri-gate device in an anisotropic manner. The deposition rate 
depends on the angle of incidence of incoming particles, 
resulting in a higher deposition rate on the top gate than the 
side gates of the tri-gate device. Deposition of the Workfunc 
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tion metal layer using the PVD process is characterized by a 
microstructure that comprises columnar grains. 
[0022] In another embodiment, a Workfunction metal layer 
may be formed using anisotropic layering techniques includ 
ing molecular beam epitaxy (MBE), chemical vapor deposi 
tion (CVD), electroplating, or evaporation. In one embodi 
ment, a target thickness of the Workfunction metal layer is 
betWeen 25 angstroms and 300 angstroms in thickness. The 
Workfunction metal layer thickness selected by the device 
designer is a function of the targeted Vt for the tri-gate device. 
[0023] After forming the Workfunction metal layer, a sac 
ri?cial masking layer (element 102) is deposited as a blanket 
layer. The sacri?cial masking layer is applied to mask and 
planariZe vertical features on the Wafer. In one embodiment, 
the sacri?cial masking layer may be a thick layer (1 100-1500 
angstroms) of a sacri?cial light absorbing material (SLAM). 
SLAM is a material that covers the surface of the Wafer by 
?lling vias and normalizing a topography, thereby providing 
a consistent hole-free and opaque surface. The sacri?cial 
masking layer may comprise another organosiloxane ?lm 
such as bottom anti-re?ective coating (BARC) or an organic 
spin-on coating such as photoresist. 
[0024] The sacri?cial masking material is etched (element 
104) to remove a top portion of the material to expose the 
Workfunction metal on the top gate of the tri-gate device. The 
sacri?cial masking material may be dry-etched using sulfur 
hexa?uoride (SE6), octa?uorocyclobutane (C4138), or 
another ?uorocarbon (CxFy) gas in a plasma enhanced 
chemical vapor deposition (PECVD) chamber. The dry-etch 
process may be terminated by sensing a Workfunction metal 
surface on the top gate of the tri-gate device. HoWever, the 
sacri?cial masking material may also be eroded using a Wet 
etch process. In one embodiment, the Wet-etch process may 
comprise HP or hydroxide containing solutions. 
[0025] The Workfunction metal on the top gate of the tri 
gate device is eroded (element 106) so that the thickness of the 
Workfunction metal on the top gate is nearly equal to the 
thickness of the Workfunction metal on the tWo side gates of 
the tri-gate device. In one embodiment, the Workfunction 
metal on the top gate of the tri-gate device is eroded using 
sulfur hexa?uoride (SE6), octa?uorocyclobutane (C4138), or 
another ?uorocarbon (CxFy) gas in a PECVD chamber. The 
tWo side gates are protected from erosion by the sacri?cial 
masking material during this process and maintain their ini 
tial thickness. As a result, the thickness of the Workfunction 
metal on the tWo side gates of the tri-gate device are left 
unchanged. Other erosion techniques may be employed to 
achieve equivalent results. Examples may include Wet-etch, 
chemical mechanical polishing (CMP) or ion milling tech 
niques. 
[0026] The remaining sacri?cial masking material may be 
stripped or removed (element 108) once a desired Workfunc 
tion metal thickness has been achieved on the top gate of the 
tri-gate device. In one embodiment, the remaining SLAM 
material is removed using an aqueous buffered hydrogen 
?uoride (HF) stripping solution. The stripping solution 
should selectively remove the sacri?cial masking material 
Without eroding a material amount of the Workfunction metal. 
[0027] After removing the remaining sacri?cial masking 
material, the Workfunction metal is clean and free of polymer 
residue and a top surface of the Workfunction metal is suitable 
for further processing. In one embodiment, a polysilicon 
layer may be deposited on the top surface of the Workfunction 
metal. A polysilicon layer may be deposited to create a ver 



US 2008/0157207 A1 

tical or nearly vertical Wall adjacent to a side gate of a tri-gate 
device. A polysilicon layer may also be deposited to protect 
the Workfunction metal (element 110) from interacting With 
an atmosphere or during subsequent processing steps that 
Would be harmful to a Workfunction metal surface. 

[0028] In one embodiment, a Workfunction metal formed 
as a top gate of a tri-gate transistor is noticeably thicker than 
the Workfunction metal formed as tWo side gates, as illus 
trated in FIG. 2. A semiconductor body 200 constructed from 
a silicon substrate is formed to create gate regions that are 
separated by a silicon dioxide layer 210. A gate dielectric 
layer 220 covers the silicon dioxide layers 210 and the gate 
regions. A Workfunction metal 230 is then formed on the gate 
dielectric layer 220. The Workfunction metal 230 may be a 
metal ?lm such as tungsten, tantalum, titanium and/ or nitrides 
and alloys thereof. For n channel-type transistors, the Work 
function metal 230 provides a Work function in the range of 
3.9 to 4.6. For the p channel-type transistors, the Workfunc 
tion metal 230 provides a Work function of 4.6 to 5.2 eV. 
Accordingly, for substrates With both n channel and p channel 
transistors, tWo separate metal deposition processes may 
need to be used. 

[0029] The Workfunction metal 230, such as TiN is formed 
as a layer on the surface of the dielectric layer 220 on all three 
gates of the tri-gate device. The TiN layer may be formed by 
using physical vapor deposition (PVD), atomic layer deposi 
tion (ALD), molecular beam epitaxy (MBE), chemical vapor 
deposition (CVD), electroplating, or evaporation. 
[0030] After forming the Workfunction metal layer 230, a 
sacri?cial masking layer 300 is deposited as a blanket layer as 
illustrated in FIG. 3. The sacri?cial masking layer 300 is 
applied to mask and planariZe the vertical features. In one 
embodiment, the sacri?cial masking layer 300 may be a 
SLAM layer With a thickness of 1100 angstroms to 1500 
angstroms. The sacri?cial masking layer 300 may also be a 
organosiloxane layer such as bottom anti-re?ective coating 
(BARC) or an organic spin-on coating such as photoresist. 
[0031] A top portion 400 of the sacri?cial masking layer 
300 is removed to reveal the Workfunction metal 230 on the 
top gate of the tri-gate device, as shoWn in FIG. 4. The 
sacri?cial masking layer 300 is eroded, resulting in a surface 
400 that is beloW a top surface of the Workfunction metal 230 
on a top gate of the tri-gate device. In one embodiment, the 
sacri?cial masking layer 300 may be dry-etched using sulfur 
hexa?uoride (SP6) in a PECVD chamber. 

[0032] After etching a top portion of the sacri?cial masking 
layer 300, the Workfunction metal 230 on the top gate of the 
tri-gate device is eroded, as illustrated in FIG. 5, so that the 
thickness of the Workfunction metal 230 on the top gate is 
nearly equivalent to the thickness of the Workfunction metal 
230 on tWo side gates of the tri-gate device. An upper surface 
of the sacri?cial masking layer 500 may be minimally eroded 
depending on the process used to etch the Workfunction metal 
230 on the top gate. For instance, if a dry-etch process is used 
to erode the Workfunction metal 230 on the top gate, the etch 
process may also consume a small amount of an upperportion 
of the sacri?cial masking layer 500. The amount removed is 
dependent on the selectivity of the etch chemistry. Once 
eroded, a thickness of the Workfunction metal 230 on the top 
gate 510 of the tri-gate device Will be nearly equivalent to the 
thickness of the tWo side gates. In one embodiment, the thick 
ness of the Workfunction metal 230 on the top gate of the 
tri-gate device Will match the thickness of the Workfunction 
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metal 230 on the tWo side gates of the tri-gate device Within a 
maximum deviation of +/—10%. 
[0033] FIG. 6 illustrates an embodiment after the sacri?cial 
masking layer 300 has been stripped from the Workfunction 
metal 600. In one example, the thickness of the Workfunction 
metal 600 on the top gate of the tri-gate device may be nearly 
equivalent to the thickness of side gates 610 and 620. 
[0034] FIG. 7 illustrates another embodiment Where a poly 
silicon layer 700 is deposited on a Workfunction metal of a 
tri-gate device With a Workfunction metal layer that has a 
nearly equivalent thickness on a top surface and tWo side 
surfaces of a semiconductor body. The polysilicon layer 700 
is normally doped for reduced resistance and is used to create 
a conductive path to the Workfunction metal 600. The poly 
silicon layer 700 may be deposited to create a vertical or 
nearly vertical Wall adjacent to a side gate of a tri-gate device. 
The thickness of the polysilicon layer 700 may range for 
example from a minimum of 400 angstroms and a maximum 
of 1200 angstroms. The polysilicon layer 700 may be doped 
or un-doped and can be used to protect the Workfunction 
metal 600 from interaction With an atmosphere or during 
subsequent processing steps that Would be harmful to the 
Workfunction metal surface. For example, a subsequent pro 
cessing step may contain aqueous acids, bases, or oxidiZers 
that Would erode or modify the surface of the Workfunction 
metal. 
[0035] The above description of illustrated embodiments of 
the invention, including What is described in the Abstract, is 
not intended to be exhaustive or to limit the invention to the 
precise forms disclosed. While speci?c embodiments of, and 
examples for, the invention are described herein for illustra 
tive purposes, various equivalent modi?cations are possible 
Within the scope of the invention, as those skilled in the 
relevant art Will recogniZe. 
[0036] These modi?cations can be made to the invention in 
light of the above detailed description. The terms used in the 
folloWing claims should not be construed to limit the inven 
tion to the speci?c embodiments disclosed in the speci?cation 
and the draWings. Rather, the scope of the invention is to be 
determined entirely by the folloWing claims, Which are to be 
construed in accordance With established doctrines of claim 
interpretation. 
What is claimed is: 
1. A semiconductor apparatus comprising: 
a semiconductor body having a top surface and laterally 

opposite sideWalls; 
a metal gate With approximately equal thickness on the top 

surface and the laterally opposite sideWalls, Wherein the 
metal gate contains columnar grains. 

2. The apparatus of claim 1, Wherein a dielectric layer is 
positioned betWeen the semiconductor body and the metal 
gate. 

3. The apparatus of claim 2, Wherein the dielectric layer 
comprises at least one of a silicon oxide, lanthanum oxide, 
tantalum oxide, titanium oxide, hafnium oxide, Zirconium 
oxide, lead-Zirconate-titanate, barium-strontium-titanate, or 
aluminum oxide. 

4. The apparatus of claim 1, Wherein a polysilicon layer is 
deposited on the metal gate. 

5. A semiconductor apparatus comprising: 
a semiconductor body having a top surface and laterally 

opposite sideWalls; 
a dielectric layer on the top surface and the laterally oppo 

site sideWalls of the semiconductor body; 
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a metal gate layer With approximately equal thickness on a 
top surface and laterally opposite sidewalls of the dielec 
tric layer, Wherein the metal gate layer contains colum 
nar grains; and 

a polysilicon layer on the metal gate layer. 
6. The apparatus of claim 5, Wherein the polysilicon layer 

is doped. 
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7. The apparatus of claim 5, Wherein the thickness of the 
metal gate layer on the top surface and laterally opposite 
sideWalls of the dielectric layer match Within a maximum 

deviation of +/—l0%. 


