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(57) ABSTRACT

A metal oxide layer on a substrate is converted at least partly
to a metal layer. At least part of the metal layer is covered by
an oxidation resistant cover. The covered layer and underly-
ing metal may be removed, for example, using acid.
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1
REMOVING A HIGH-K GATE DIELECTRIC

BACKGROUND

This invention relates generally to methods for making
semiconductor devices, in particular, semiconductor devices
that include high dielectric constant (k) gate dielectric layers.

MOS field-effect transistors with very thin silicon dioxide
based gate dielectrics may experience unacceptable gate
leakage currents. Forming the gate dielectric from certain
high-k dielectric materials, instead of silicon dioxide, can
reduce gate leakage.

High-k gate dielectric materials may be difficult to pattern
and remove. Thus, better techniques for removing high-k gate
dielectrics are needed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1a-1g represent cross-sections of structures that
may be formed when carrying out an embodiment of the
method of the present invention.

Features shown in these FIGURES are not intended to be
drawn to scale.

DETAILED DESCRIPTION

Referring to FIG. 1a, the substrate 100 may comprise a
bulk silicon or silicon-on-insulator substructure. Alterna-
tively, the substrate may comprise other materials—which
may or may not be combined with silicon—such as: germa-
nium, indium antimonide, lead telluride, indium arsenide,
indium phosphide, gallium arsenide, or gallium antimonide.
Although several examples of materials from which the sub-
strate 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.

When the substrate 100 comprises a silicon wafer, the
wafer may be cleaned before forming the metal oxide layer on
its surface. To clean the wafer, it may initially be exposed to
a dilute hydrofluoric acid (“HF”) solution, e.g., a 50:1 water
to HF solution. The wafer may then be placed in a megasonic
tank, and exposed first to a water/H,0,/NH,OH solution,
then to a water/H,O,/HCl solution. The water/H,O,/NH,OH
solution may remove particles and organic contaminants, and
the water/H,O,/HCI solution may remove metallic contami-
nants.

After that cleaning treatment, metal oxide layer 101 is
formed on substrate 100, generating the structure illustrated
by FIG. 1a. Materials for making the metal oxide layer 101
include any material that can be used to form a high dielectric
constant material. A high dielectric constant is a constant
greater than 10. Examples of such materials include hafnium
oxide, hafnium silicon oxide, lanthanum oxide, lanthanum
aluminum oxide, zirconium oxide, zirconium silicon oxide,
titanium oxide, tantalum oxide, barium strontium titanium
oxide, barium titanium oxide, strontium titanium oxide,
yttrium oxide, aluminum oxide, and lead scandium tantalum
oxide. Particularly preferred are hafnium oxide, zirconium
oxide, titanium oxide, and aluminum oxide. Although a few
examples of materials that may be used to form metal oxide
layer 101 are described here, that layer may be made from
other materials, as will be apparent to those skilled in the art.

Metal oxide layer 101 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”) process. Preferably, a
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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 flow 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 metal oxide layer 101. The CVD reactor may be
operated long enough to form a layer with the desired thick-
ness. In most applications, metal oxide layer 101 may be less
than about 40 Angstroms thick, and more preferably between
about 5 Angstroms and about 20 Angstroms thick—i.e., less
than or equal to about 5 monolayers thick.

A patterned polysilicon layer may be created by first form-
ing a hard mask that covers part of the polysilicon layer, and
leaves part of that layer exposed. Such a hard mask may
comprise silicon nitride, silicon dioxide, silicon oxynitride,
or a nitrided silicon dioxide. The hard mask may be between
about 100 Angstroms and about 500 Angstroms thick, and
may be deposited and patterned using conventional tech-
niques. The exposed part of the polysilicon layer may then be
removed using a dry etch process. Such a dry etch process
may employ a plasma that is derived from a combination of
gases, e.g., a combination of hydrogen bromide, chlorine,
argon, and oxygen. The optimal process for etching the poly-
silicon layer may depend upon the degree to which the poly-
silicon layer is doped, and the desired profile for the resulting
etched layer.

Hard mask 110 may be retained after masking layer 103 is
formed to protect masking layer 103 during subsequent etch-
ing operations. After forming the FIG. 1a structure, first side
104 and second side 105 of masking layer 103 are lined with
a sacrificial layer. To line sides 104, 105 with a sacrificial
layer, layer 106 is initially deposited onto metal layer 102,
hard mask 110, and sides 104, 105 of masking layer 103,
generating the FIG. 15 structure.

Examples of materials that may be used to form layer 106
include silicon nitride, a carbon doped silicon nitride, and
silicon dioxide. Preferably, layer 106 comprises a material
that may be etched selectively to hard mask 110. Layer 106
may be deposited onto metal layer 102, hard mask 110 and
sides 104, 105, using a conventional CVD process. In a pre-
ferred embodiment, layer 106 has a relatively uniform thick-
ness of between about 10 Angstroms and about 100 Ang-
stroms, and more preferably of between about 30 Angstroms
and about 50 Angstroms.

Afterlayer 106 is deposited, an anisotropic plasma dry etch
process may be applied to remove the horizontal portions of
the sacrificial layer 106, generating the FIG. 1c¢ structure.
Such a process may employ a plasma that is derived from a
combination of CH;F, carbon monoxide, oxygen and argon.
That process step leaves layer 101 exposed, except where
masking layer 103 covers that layer—while layer 106 contin-
ues to protect sides 104, 105.

Part or all of metal oxide layer 101 may be converted into
metal layer 102 via a chemical reduction process that uses
conventional equipment, materials, and operating conditions.
In such a chemical reduction process, metal oxide layer 101
may be converted to metal by exposing metal oxide layer 101
to hydrogen, which may be contained in a hydrogen contain-
ing gas or a hydrogen based plasma.

When a hydrogen containing gas is used, it may comprise
hydrogen, or, alternatively, include hydrogen and an inert gas,
e.g., helium or argon. When including an inert gas, the hydro-
gen containing gas may comprise about 5% hydrogen. Prior
to exposing metal oxide layer 101 to such a hydrogen con-
taining gas, the reaction chamber may be purged to prevent
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undesirable reaction between layer 101 and oxygen or nitro-
gen. The reduction process may take place under ambient
conditions.

When metal oxide layer 101 is less than or equal to about
20 Angstroms thick, substantially all of that layer may be
reduced to metal by feeding enough hydrogen into the reac-
tion chamber to remove substantially all of the oxygen
included in metal oxide layer 101. To remove the oxygen and
a significant amount of impurities, the ratio of hydrogen
atoms (fed into the reaction chamber) to the number of oxy-
gen atoms (contained in the metal oxide layer) must exceed
2:1.

When metal oxide layer 101 is reduced to metal by expos-
ing it to a hydrogen based plasma, a direct plasma enhanced
chemical vapor deposition (“PECVD”) process or a remote
plasma enhanced chemical vapor deposition (“RPECVD”)
process may be used. In such a PECVD or RPECVD process,
metal oxide layer 101 may be reduced to metal by exposing it
to hydrogen and to certain ionized species generated by a
plasma source. When a PECVD process is used, such ionized
species may be generated by feeding hydrogen and an inert
gas into the reactor, then striking a plasma within the reactor.
When a RPECVD process is used, the plasma may be stricken
remotely, followed by feeding the resulting ionized species
and hydrogen (or a mixture of hydrogen and an inert gas) into
the reactor—downstream from the plasma source.

When metal oxide layer 101 is less than about 20 Ang-
stroms thick, the reactor may be operated under the appropri-
ate conditions (e.g., temperature, pressure, radio frequency,
and power) for a sufficient time to reduce all (or substantially
all) of metal oxide layer 101 to metal. When layer 101 is
significantly greater than 20 Angstroms thick, the reactor may
be operated long enough to reduce the upper portion of that
layer.

Although a few examples of processes that may be used to
reduce at least part of metal oxide layer 101 to metal are
described here, other reducing operations may be used, as
will be apparent to those skilled in the art. Examples include
other types of wet or dry chemical reducing processes, e.g.,
those that use aqueous solutions or plasmas with different
reducing agents. Various combinations of these processes
may also be employed.

As an alternative to such chemical reduction processes, an
electrochemical reduction operation may be used. In such a
process, metal oxide layer 101 is placed into a chemical bath.
By passing an electric current through the bath, part or all of
metal oxide layer 101 may be reduced to metal. Processes that
may be used to reduce metal oxide layer 101 to metal are not
limited to those described above.

Regions of the reduced layer 101 to be removed may be
covered with a layer 200 (FIG. 1D) in the same chamber used
to reduce the layer 101. The layer 200 may be a cap layer that
is soluble in acid in one embodiment of the present invention.
The layer 200 may include a metal such as titanium nitride or
aluminum or other acid soluble materials such as silicon
nitride. The layer 200 may be from 25 to 100 Angstroms thick
in some embodiments. The layer 200 is effective to prevent
reoxidation of the underlying layer 102, for example, while
the wafer is being transferred to another station at which
station the layer 101 will be removed. Reoxidation would
make it more difficult to remove the layer 101 by acid treat-
ments. If the layer 200 is removable by acid treatments to
generate the FIG. 1E structure and the reduced layer 101 is
removable by acid treatments, the layer 101 can be readily
removed by acid exposure to produce the clean substrate 100
shown in FIG. 1F. The acid treatment may include sulfuric or
phosphoric acid, as examples.

In the illustrated embodiment, at least some of sacrificial
layer 106 remains after the exposed part of dielectric layer
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101 has been removed. The remaining part of that sacrificial
layer is then removed, generating the FIG. 1G structure. A wet
etch process may be applied to remove the remaining portion
oflayer 106. Although in this embodiment some of sacrificial
layer 106 remains after dielectric layer 101 has been etched,
in other embodiments the wet etch processes that remove part
of' metal layer 102 and the exposed part of dielectric layer 101
may remove the remainder of sacrificial layer 106 at the same
time.

Process steps for completing the device that follow
removal of the sacrificial layer, e.g., forming sidewall spacers
on the gate electrode stack, source and drain regions and the
device’s contacts, are well known to those skilled in the art
and will not be described in more detail here. In this regard,
using dummy doped polysilicon layers for masking layer 103
may enable one to apply commonly used nitride spacer,
source/drain, and silicide formation techniques, when com-
pleting the structure. During those subsequent process steps,
hard mask 110 may be retained to prevent a significant part of
masking layer 103 from being converted into a silicide. Con-
versely, if it is desirable to subsequently convert part or all of
masking layer 103 into a silicide, then hard mask 110 must be
removed beforehand.

While the present invention has been described with
respect to a limited number of embodiments, those skilled in
the art will appreciate numerous modifications and variations
therefrom. It is intended that the appended claims cover all
such modifications and variations as fall within the true spirit
and scope of this present invention.

What is claimed is:

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

forming a metal oxide layer over a substrate;

reducing at least part of the metal oxide layer to a metal

layer by exposing the metal oxide layer to hydrogen; and
covering at least part of said metal layer with an oxidation
resistant layer.

2. The method of claim 1 wherein the metal oxide layer is
formed by atomic layer chemical vapor deposition.

3. The method of claim 2 further comprising forming metal
oxide layers having a dielectric constant greater than 10.

4. The method of claim 1 including covering with an acid
soluble oxidation resistant layer.

5. The method of claim 4 including removing at least a
portion of said oxidation resistant layer and the underlying
metal layer using acid.

6. The method of claim 1 including removing the converted
part of said metal oxide layer and leaving an unconverted part
of said metal oxide layer as part of a gate stack.

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

forming a metal oxide layer on a substrate;

reducing the metal oxide layer to a metal layer by exposing

the metal oxide layer to hydrogen;

covering said metal layer with an oxidation resistant layer;

and

removing a covered portion of said metal layer and said

oxidation resistant layer.

8. The method of claim 7 wherein the metal oxide layer is
formed by atomic layer chemical vapor deposition.

9. The method of claim 8 further comprising forming metal
oxide layers having a dielectric constant greater than 10.

10. The method of claim 7 including removing the covered
portion of said metal layer and said oxidation resistant layer
using acid.



