
;e3e`]T:&$J6TFO0f  ~!~ A METHOD TO FORM AN AIR-GAP UNDER THE EDGES OF A
GATE ELECTRODE BY USING DISPOSABLE SPACER/LINER FIELD OF THE INVENTION The
present invention relates generally to semiconductor devices, and
specifically to the formation of semiconductor device gate electrodes.    4
I BACKGROUND OF THE INVENTION Current gate electrodes suffer from
undesirable parasitic overlap capacitance at the gate edge. U.S. Patent No.
5,998,288 to Gardner et al. describes an etch back of an oxide spacer 22
that does not continue the etch back to the gate dielectric layer. U.S.
Patent No. 5,864,160 to Buynoski describes a gate with an air gap on one
side and a sealing step. U.S. Patent No. 6,015,74b to Yeh et al. describes
an air gap on the sides of a gate. U.S. Patent No. 5,770,507 to Chen et al.
describes an air gap on the side of a gate. U.S. Patent No. 5,972,763 to
Chou et al. describes Formation of an air gap spacer of a metal-oxide
semiconductor device. 2 



Y SUMMARY OF THE INVENTION Accordingly, it is an object of the present
invention to provide method of forming an air-gap under the edges of a gate
electrode. Another object of the present invention is to provide a method
of reducing parasitic overlap capacitance at the gate electrode edge. A
further object of the present invention to provide a method of forming an
air-gap under the edges of a gate electrode to reduce parasitic overlap
capacitance at the gate edge. Yet another object of the present invention
is to provide a method of forming an air-gap under the edges of a gate
electrode to reduce parasitic overlap capacitance at the gate edge by using
conventional processes. Another object of the present invention- to provide
a method of forming an air-gap under the edges of a gate electrode without
adversely affecting the isolation oxide. Other objects will appear
hereinafter. It has now been discovered that the above and other objects of
the present invention may be accomplished in the following manner.
Specifically, a 3   semiconductor substrate having at least a pair of STIs
defining an active region is provided. A gate electrode is formed on the
substrate within the active region. The gateelectrode having an underlying
gate dielectric layer. A liner oxide layer is formed over the structure,
covering the sidewalls of the gate dielectric layer, the gate electrode,
and over the top surface of the gate electrode. A liner nitride layer is
formed over the liner oxide layer. A thick oxide layer is formed over the
structure. The thick oxide, liner nitride, and liner oxide layers are
planarized level with the top surface of the gate electrode, and exposing
the liner oxide layer at either side of the gate electrode. The planarized
thick oxide layer is removed with a portion of the liner oxide layer and a
portion of the gate dielectric layer under the gate electrode to form a
cross-section inverted T-shaped opening on either side of the gate
electrode. A gate spacer oxide layer is formed over the structure at least
as thick as the gate electrode, wherein the gate spacer oxide layer
partially tills the inverted Tshaped opening from the top down and wherein
air gap spacers are formed proximate the bottom of the inverted T-shaped
opening. The gate spacer oxide, liner nitride, and liner oxide layers are
etched to form gate spacers proximate the gate electrode. The gate spacers
having an underlying etched liner nitride layer and liner oxide layer. 4   



BRIEF DESCRIPTION OF THE DRAWINGS The features and advantages of the method
of the present invention will be more clearly understood from the following
description taken in conjunction with the accompanying drawings in which
like reference numerals designate similar or corresponding elements,
regions and portions and in which: Figs. 1 - 10 schematically illustrates
the preferred embodiment of the present invention, with Figs. 6 - 10 an
enlarged view of a portion of the structure illustrated m Figs. 1 -5. 5
i DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT Unless otherwise
specified, all structures, layers, etc. may be formed or accomplished by
conventional methods known in the prior art. 'The present invention reduces
the parasitic overlap capacitance at the gate edge by forming an air gap
proximate the gate edge. The process of the present invention can be
performed using conventional processes and the use of a wet chemical etch.
The process of the present invention will not adversely affect the
isolation oxide due to an overlying layer of protective nitride. Formation
of STIs Accordingly, as shown in Fig. 1, pad silicon oxide (pad oxide)
layer 12 is formed over semiconductor substrate 10. Semiconductor substrate
10 is preferably formed of silicon. Nitride layer 14 is formed over pad
oxide layer 12. Nitride layer 14 may be formed of silicon oxynitride
(SiON), or silicon nitride (SiN) and SiON. As shown in Fig. 2, the
structure is masked and etched to form shallow trench isolation (STI)
trenches 16 defining at least one active area 15. The structure may be
masked by, for example, forming a layer of patterned photoresist 



over nitride layer 14. G   STI material is deposited over the structure,
filling STI trenches 16. STI material may be a material formed by either a
HDP (high density plasma)-SiO,, TEOS-LPCVD (low pressure chemical vapor
deposition), or Oz and TEOS (APCVD) (atmospheric pressure CVD) process. STI
material is preferably HDP-SiO~. As shown in Fig. 3, the STI material is
then planarized, preferably by chemical mechanical polishing (CMP), to form
STIs 18 having an essentially planar surface 19. Formation of Cate
Electrodes As shown in Fig. 4, nitride layer 14 is removed, preferably by a
hot phosphoric acid treatment at a temperature from about 150 to 200C. Pad
oxide layer 12 is then removed, preferably by dilute HF acid, vapor HF or
buffered oxide etchants (BOE). Gate dielectric layer 17 is then selectively
grown / deposited over the exposed semiconductor substrate 10 to a
thickness of from about 10 to 751 and more preferably from about 1~ to 20A.
Gate dielectric layer 17 may be formed of Si0" Ta~05, SiN, SiON, SiOZ +
SiN, SiN + SiO~, HFO=, or Zr0=. 7 s   Gate electrode layer 20 is then
formed over bate dielectric layer 17 and STIs 18 Gate electrode layer 20
may be formed of polysilicon, polycide using WSiv, TiSi~, CoSi~ or NiSi%,
Eor example, amorphous silicon, or a bi-layer structure having a lower
layer of one the aforementioned materials with an overlying polycide layer,
and is preferably formed of amorphous silicon. Gate electrode can include a
metal gate such as W/TaN/amorphous silicon, for example. As shown in Fig.
5, patterned hard mask layer 24 is formed over gate electrode layer 20 to a
thickness of from about 300 to 1000A. Hard mask layer 2=1 may be Formed of
Si,Na (SiN), Si0=, SrON, Si02 + SiN, or SiO~ + SiON, and is preferably
SiON. Gate electrode layer 20 is then etched, using patterned hard mask
layer 24 as a mask, to form gate electrodes 22 within active areas 15. A
conventional dry plasma etch is preferably used to etch gate electrode
layer 20. Gate electrodes 22 are from about 1000 to 3000 thick, and more
preferably from about 1000 to 2500A thick. Gate electrodes 22 are
preferably from about 300 to 3500 wide, a,tyare more preferably from about
500 to 3500A wide. 



Etching of gate electrode layer 20 also etches that portion of gate
dielectric layer 17 not under gate electrodes 22 leaving etched gate
dielectric layers 1T. 8   z tt is noted that the dashed line box denoted as
"Figs. 6 - 10" in Fig 5 illustrate the area that is slightly enlarged in
Figs. 6 -10. Formation of Liner Oxide and Liner Nitride Layers As shown in
Fig. 6 (a slightly enlarged portion of dashed box "Figs. 6  10" of Fig. 5)
liner oxide layer 26 is deposited / grown over the structure of Fig. 5 to a
thickness of from about 100 to 500A, and more preferably from about 100 to
200A. Low doped source and drain (LDD) 30 may then be formed by
conventional ion implantation  methods. The LDD implant can be performed
before or after the liner oxide step. Liner nitride layer 28 is then formed
over liner oxide layer 26 to a thickness of from about 50 to 300A, and more
preferably from about 50 to ?00A. Liner oxide layer 26 and liner nitride
layer 28 will be used for STI 18 edge or STI 18 oxide protection, and for
gate electrode 22 spacer formation as described below. 9   Deposition of
thick oxide layer and CMP As shown in Fig. 7, thick oxide layer 32 is
deposited over the structure of Fig. 6 as least as thick as the protruding
gate electrode 22 / liner oxide layer 26 / liner nitride layer 28 portion.
The structure is then planarized, preferably by CMP using patterned hard
mask 24 over gate electrode 22 as a stop layer. This exposes portions 27 of
liner 



oxide layer 26 adjacent patterned hard mask layer 24. Oxide Removal As
shown m Fig. 8) preferably using either vapor HF acid or a dilute HF acid
solution, planarized thick oxide layer 32 is removed as is a portion of
liner oxide layer 26 and a portion of etched gate dielectric layer 17' to
form cross-section inverted T-shaped openings 34 adjacent gate electrode 22
and patterned hard mask layer 24. The removal of exposed liner oxide layer
26 is self-limiting due to the narrow gap formed between gate dielectric 22
/ patterned hard mask layer 24 and liner nitride layer 28. The removal of
exposed liner oxide layer 26 is self-limiting due to the narrow gap Formed
between gate dielectric 22 / patterned hard mask layer 24 and liner nitride
layer 28. Etched gate dielectric layer 1T is recessed a distance 36 from 10
about 50 to 300 and more preferably from about 50 to 150A from bottom edge
50 of gate electrode 22. Inverted T-shaped openings 34 also extend a
distance 38 from about 100 to 300 and more preferably about 100 to 250A
from bottom edge 52 of. liner nitride layer 2S. It is noted that by forming
a mask over one side of exposed portion 27 of liner oxide layer 26 so that
only one side of liner oxide layer 26 and the corresponding side of etched
gate dielectric layer 1T are removed by the HF treatment. Deposition of
Gate Spacer Oxide Layer As shown in Fig. 9, gate spacer oxide layer 40 (for
gate spacer formation) is deposited over the structure of Fig. 8 to a
thickness of from about 300 to 1000k and more preferably from about 300 to
500A. The gate spacer oxide layer 40 deposition extends partially into
openings 34 at 42 and forms a seal at 4:1. Because the nature of CVD
deposition is to have thicker deposition at corners, it will become
self-sealing. Due to the narrow gap Formed between gate dielectric 22 /
patterned hard mask layer 24 and liner nitride layer 28, gate spacer oxide
layer 40 deposition self seals at 44 forming air-gap spacer 46. Air gap
spacer 46 reduces parasitic   



overlap capacitance at the gate edge 50 because air has the lowest
dielectric constant. Formation of Oxide Spacers As shown Fig 10, gate
spacer oxide layer 40, liner nitride layer 28 and liner oxide layer 26 are
anisotropically etched to form gate electrode spacers 60. Conventional
build-up processes may then be used to form transistors / semiconductor
devices. For example, highly doped source and drain (HDD) implants (not
shown) may be made outboard of gate electrode spacers 6U. While particular
embodiments of the present invention have been illustrated and described,
it is not intended to limit the invention, except as defined by the
Following claims. .; 12   CLAIMS We claim: 1. A method of fabricating an
air-gap spacer of a semiconductor device, comprising the steps of:
providing a semiconductor substrate having at least a pair of STIs defining
an active region; forming a gate electrode on said substrate within said
active region; said gate electrode having an underlying gate dielectric
layer; forming a liner oxide layer over the structure) covering the
sidewalls of said gate dielectric layer, said gate electrode, and over the
top surface of said gate electrode; l0 forming a liner nitride layer over
said liner oxide layer; forming a thick oxide layer over the structure;
planarizing said thick oxide layer, said liner nitride layer, and said
liner oxide layer level with said top surface of said gate electrode, and
exposing said liner oxide layer at either side of said gate electrode; 1 ~
removing said planarized thick oxide layer and a portion of said liner
oxide layer and a portion of said gate dielectric layer under said gate
electrode to form a cross-section inverted T-shaped opening on either side
of said gate electrode; forming a gate spacer oxide layer over the
structure at least as thick as said gate electrode, wherein said gate
spacer oxide layer partially fills said inverted T''0 shaped opening from
the top down; wherein air gap spacers are formed proximate 



the bottom of said inverted T-shaped opening; and etching said gate spacer
oxide layer, liner nitride layer) and liner oxide layer to form gate
spacers proximate said gate electrode; said gate spacers having an
underlying etched liner nitride layer and liner oxide layer. 2. The method
of claim 1, wherein said gate electrode is from about 1000 to 3000A thick,
gate dielectric layer is from about 10 to 75A thick, said liner oxide layer
13   is From about 1U0 to 500 thick, said liner nitride layer is from about
50 to 300 thick; and said gate dielectric layer is removed from about 50 to
300 from under said gate electrode. 3. The method of claim 1, wherein said
gate electrode is from about 1000 to 2500A thick, said gate dielectric
layer is from about 14 to 20A thick, said liner oxide layer ~s from about
100 to 200A thick, said liner nitride layer is from about 50 to 200A thick;
and said gate dielectric layer is removed from about 50 to.150~1 from under
said gate electrode. =1. The method of claim 1, including the step of
forming a patterned hard mask layer over said gate electrode, wherein said
hard mask layer is used as a stop layer in said planarization step and said
planarized thick oxide layer, liner nitride layer, and liner oxide layer
are level with the top surface of said hard mask layer. 5. The method of
claim 1, including the step of forming a patterned hard mask layer over
said gate electrode, wherein said hard mask layer is comprised of a
material selected from the group consisting of Si~N~, SiO~, SiON, SiOz +
SiN, and SiO, + SiON. 6. The method of claim 1, wherein said STIs are
comprised of a material selected from the group consisting of HDP-SiO~,
TEOS-LPCV D, and O~ and TEOS (APCVD); said gate dielectric layer is
comprised of a material selected Erom the group consisting of SiO~, Ta~05,
SiN, SiON, SiO, + SiN, SiN + SiO~, HFO, and ZrOz; 14   and said gate
electrode is comprised of a material selected from the group consisting of
polysilicon, polycide, amorphous silicon, and a bi-layer structure having a
lower layer of one the aforementioned materials with an overlying polycide
layer. 7. The method of claim 1, wherein said STIs are comprised of
HDP-SiOz; said gate dielectric layer is comprised of a material selected
from the group consisting of SiO~, Ta~05, SiN, SiON, SiOz + SiN, SiN +
SiOz, HFO~ and ZrOi; and said gate electrode is comprised of amorphous
silicon. 8. The method of claim 1, further including the steps of: forming
a pad oxide layer over said semiconductor substrate; forming a nitride
layer over said pad oxide layer; etching said nitride layer, pad oxide
layer, and semiconductor substrate to form at least a pair of STI trenches
defining said active region; and forming planarized STIs within said STI
trenches; removing said nitride layer; and 



removing said pad oxide layer before formation of said gate electrode
within said active region. 9. A method of fabricating an air-gap spacer of
a semiconductor device, composing the steps of: providing a semiconductor
substrate having a pad oxide layer and a nitride layer successively formed
on said substrate; l~   forming at least a pair of STIs through said
nitride and pad oxide layers and Into said substrate; said STIs defining an
active region; removing said nitride layer and pad oxide layer exposing
said substrate at least within said active region; forming a gate electrode
on said exposed substrate within said active region; lU said gate electrode
having an underlying gate dielectric layer; Forming a liner oxide layer
over the structure, covering the sidewalls of said gate dielectric layer,
said gate electrode, and over the top surface of said gate electrode;
Forming a liner nitride layer over said liner oxide layer; 1 S forming a
thick oxide layer over the structure; planarizing said thick oxide layer,
said liner nitride layer, and said liner oxide layer level with said top
surface of said gate electrode, and exposing said liner oxide layer at
either side of said gate electrode; removing said planarized thick oxide
layer and a portion of said liner oxide ?0 layer and a portion of said gate
dielectric layer under said gate electrode to form a cross-section inverted
T-shaped opening on either side of said gate electrode; forming a gate
spacer oxide layer over the structure at least as thick as said 



gate electrode, wherein said gate spacer oxide layer partially fills said
inverted T shaped opening from the top down; wherein air gap spacers are
Formed proximate ?s the bottom of said inverted T-shaped opening; and
etching said gate spacer oxide layer, liner nitride layer, and liner oxide
layer to form gate spacers proximate said gate electrode; said gate spacers
having an underlying etched liner nitride layer and liner oxide layer. l6 s
10. The method of claim 9, wherein said; said gate electrode is from about
1000 to 3000A thick, gate dielectric layer is from about 10 to 75A thick,
said liner oxide layer is from about 100 to 500A thick, said liner nitride
layer is from about 50 to 300A thick; and said gate dielectric layer is
removed from about 50 to 300i1 from under said gate electrode. 11. The
method of claim 9, wherein said gate electrode is from about 1000 to 2500A
thick) said Gate dielectric layer is from about 14 to 20A thick, said liner
oxide layer is from about 100 to 200 thick, said liner nitride layer is
from about 50 to 2UU~1 thick; and said gate dielectric layer is removed
from about 50 to 150A from under said gate electrode. 12. The method of
claim 9, including the step of forming a patterned hard mask Uycr over said
gate electrode, wherein said hard mask layer is used as a stop layer in
said planarization step and said planarized thick oxide layer, liner
nitride layer, and liner oxide layer are level with the top surface of said
hard mask layer. 13. The method of clam 9) including the step of forming a
patterned hard mask layer over said gate electrode, wherein said hard mask
layer is comprised of a material selected From the group consisting of
Si2N4, Si02, SiON, SiO, + SiN, and SiO, + SiON. 17   1~. The method of
claim 9, wherein said nitride layer is comprised of a material selected
from the group consisting of SiON, and SiN + SiON; said STIs arc comprised
of a material selected from the group consisting of HDP-SiO,, TCOSLPCVD,
and O, and TEOS (APCVD); said gate dielectric layer is comprised of a
material selected from the group consisting of SiO~, Ta~05, SiN, SiON, SiO,
+ SiN, SiN + Si0" HFO~ and ZrO~; and said gate electrode is comprised of a
material selected from the group consisting of polysilicon, polycide,
amorphous silicon, and a bi-layer structure having a lower layer of one the
aforementioned materials with zn overlying polycide layer. 15. The method
of claim 9, wherein said nitride layer is comprised of a material selected
from the group consisting of SiON, and SiN + SiON; said STIs are comprised
of HDP-SiO,; said gate dielectric layer is comprised of a material selected
from the group consisting of SiO~, Ta~05, SiN, SiON) SiO~ + SiN, SiN + Si0"
HPO_ and ZrO~; and said gate electrode is comprised of amorphous silicon.
16. A method of fabricating an air-gap spacer of a semiconductor device,
comprising the steps of: providing a semiconductor substrate having a pad
oxide layer and a nitride s layer successively formed on said substrate;
forming at least a pair of STIs through said nitride and pad oxide layers
and into said substrate; said STIs defining an active region; removing said
nitride layer and pad oxide layer exposing said substrate at least within
said active region; 



18   10 forming a gate electrode from about 10U0 to 3UOOA thick on said
exposed substrate within said active region; said gate electrode having an
underlying gate dielectric layer; said gate dielectric layer being from
about 10 to 75f1 thick; Forming a liner oxide layer from about 100 to 500A
thick over the structure, covering the sidewalls of said gate dielectric
layer, said gate electrode, and over the top surface of said gate
electrode; forming a liner nitride layer from about 50 to 300 thick over
said liner oxide layer; forming a thick oxide layer over the structure;
planarizing said thick oxide layer, said liner nitride layer, and said
liner 3U oxide layer level with said top surface of said gate electrode,
and exposing said liner oxide layer at either side of said gate electrode;
removing said planarized thick oxide layer and a portion of said liner
oxide layer and a portion of said gate dielectric layer from about 50 to
300A under said gate electrode to form a cross-section inverted T-shaped
opening on at least one ?5 side of said gate electrode; forming a gate
spacer oxide layer over the structure at lest as thick as said gate
electrode, wherein said gate spacer oxide layer partially fills said
inverted T shaped opening from the top down; wherein air gap spacers are
formed proximate the bottom of said inverted T-shaped opening; and ;0
etching said gate spacer oxide layer, liner nitride layer, and liner oxide
layer to form gate spacers proximate said gate electrode; said gate spacers
having an underlying etched liner nitride layer and liner oxide layer. 19 



17. The method of claim 16, wherein said gate electrode is from about 10U0
to 2500A thick, said gate dielectric layer is from about 14 to 20A thick,
said liner oxide layer is from about 100 to 200A thick, said Liner nitride
layer is from about 50 to 200A thick; and said gate dielectric layer is
removed from about 50 to 150A From under said gate electrode. 18. The
method of claim 16, including the step of forming a patterned hard mask
layer over said gate electrode, wherein said hard mask layer is used as a
stop layer in said planarization step and said planarized thick oxide
layer, liner nitride layer, and liner oxide layer are level with the top
surface of said hard mask layer. 19. The method of claim 16, including the
step of forming a patterned hard mask layer over said gate electrode,
wherein said hard mask layer is comprised of a material selected from the
group consisting of Si,N~, SiO,, SiON, SiO, + SiN, and SiO, + SiON. 20. The
method of claim 16, wherein said nitride layer is comprised of a material
selected from the group consisting of SiON, and SiN +. SiON; said STIs a re
comprised of a material selected from the group consisting of HDP-SiO~,
TEOSLPCVD, and O3 and TEOS (APCVD); said gate dielectric layer is comprised
of a material selected from the group consisting of SiO~, Ta~05, SiN, SiON,
SiO, + SiN, SiN + SiO~, I-IFO, and ZrO~; and Said gate electrode is
comprised of a material selected from the group consisting of polysilicon,
polycide, amorphous silicon, and 20    a bi-layer structure having a Lower
layer of one the aforementioned materials with on overlying polycide layer.
21. The method of claim 16, wherein said nitride layer is comprised of a
material Selected from the group consisting of SiON, and SiN + SiON; said
STIs arc comprised of HDP-SiO~; said gate dielectric layer is comprised of
a material selected from the group consisting of SiO~, TaZ05, SiN, SiON,
Si02 + SiN, SiN + SiOZ, HFO, and ZrOZ; and said gate electrode is comprised
of amorphous silicon. .. . ~ .. . vw.eL.:~ ~ . 21 .AU.A@ .AY .AA2
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