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TIGHTLY SPACED GATE FORMATION
THROUGH DAMASCENE PROCESS

drain. An electrical charge may be trapped locally, i.e., in
either the left bit or the right bit, near Whichever bitline is
used as a drain.

The devices are formed using knoWn semiconductor
processing techniques to deposit one or more layers of
dielectric material and conductive material sequentially

TECHNICAL FIELD

The present invention generally relates to the manufacture
of semiconductor devices and, more speci?cally, relates to

based on the device to be made. Next, the one or more layers

are patterned and etched to form the gate stacks described

the manufacture of semiconductor devices including tightly
spaced gate formations through a damascene process.

above. The etching process is typically multiple etching
10

steps. An etchant species is selected for a particular etch step

15

that is selective betWeen the material to be etched and the
material Which is to remain relatively unetched.
For illustrative purposes, the process for forming an
EEPROM memory cell is described as folloWs: forming an
ONO dielectric over a semiconductor substrate, depositing

BACKGROUND ART

Semiconductor device manufactures produce various
semiconductor devices, e.g., a ?eld effect transistor, a ?oat

ing gate FLASH memory cell, a SONOS (Silicon/Oxide/

polysilicon over the ONO dielectric, and patterning and
etching the polysilicon to form gate electrodes or Wordlines.

Nitride/Oxide/Silicon) type FLASH memory device or the
like, on semiconductor substrates. The manufactures of such
devices continue to scale the devices in order to increase the

The patterning and etching of the polysilicon is usually
accomplished by depositing and patterning a photosensitive

number of devices formed on a chip that forms an integrated

circuit. Given the continuing trend toWards miniaturiZation

layer over the polysilicon to form a lithographic image in the

and increased integration of devices on an integrated circuit

photosensitive layer, i.e., a photosensitive mask. Next, por
tions of polysilicon exposed by apertures in the photosen

chip, the capability to manufacture the substructures pre

sitive mask are etched/removed. Then, the photosensitive
mask is removed to expose the patterned polysilicon. Thus,

cisely and With high quality is of increasing importance.
A vertical stack of non-conductive material and conduc

tive material formed sequentially over a semiconductor 25 polysilicon Wordlines/gate electrodes are formed over the
ONO dielectric.
substrate characteriZes ?eld effect transistors. Speci?cally,

Unfortunately, as manufacturers scale doWn the device
dimensions to increase the performance and reduce the cost
of manufacture, the scaling doWn of devices has led to the

the vertical stack includes a gate electrode formed over a

gate dielectric. The gate electrode de?nes a channel Within
a doped region interposed betWeen a source and a drain
formed in the semiconductor substrate.

Subsequently, ?oating gate FLASH memory types of
EEPROMs (electrically erasable programmable read-only
memory) Were produced. EEPROMs employ a FLASH
memory cell formed over a semiconductor substrate. The

FLASH memory cell is characteriZed by a vertical stack of

35

a tunnel oxide, a ?rst polysilicon layer (charge trapping
conducting layer, i.e., a ?oating gate) over the tunnel oxide,

photosensitive mask or a combination thereof. Additionally,
the etch processes used to etch the polysilicon layer used in

an ONO (oxide-nitride-oxide) intergate dielectric over the

?rst polysilicon layer, and a second polysilicon layer (i.e., a
control gate) over the ONO intergate dielectric. The ?oating
gate de?nes a channel Within a doped region interposed

40

betWeen tWo bitlines formed in the semiconductor substrate.
45

More recently, SONOS (Silicon/Oxide/Nitride/Oxide/

subsequent layers formed over the gate electrodes. Thus, the
operation of the device may be signi?cantly degraded.
Therefore, there exists a strong need in the art for a

Silicon) type FLASH memory devices have been produced.

method Which produces precise Wordlines/gate electrodes.

The SONOS type FLASH memory cells are also character
iZed by a vertical stack formed over a semiconductor sub
strate. The SONOS vertical stack includes a charge trapping

Further, there is a need to produce the precise Wordlines/gate
electrodes in a space of a mask including a line and space

pattern that has Wordlines/gate electrodes dimensions and/or
pitch dimensions for the device(s) to be formed. Further,

non-conducting dielectric layer, typically a silicon nitride
layer, sandWiched betWeen tWo silicon dioxide layers (insu
lating layers), i.e., a loWer silicon dioxide layer and an upper
silicon dioxide layer.

The charge trapping non-conducting dielectric layer func

the formation of the Wordlines, e.g., gate electrodes, pro
duces gate electrodes With vertical sideWalls With relatively
rough surfaces. These rough surfaces do not alloW good
interfaces to be formed betWeen the gate electrodes and

The bitlines, as described above, are doped regions that may
act as either a source or a drain.

development of several undesirable results during the pro
cessing of the semiconductor devices. For example, as the
dimensions of the gate electrodes are reduced, the ability to
produce gate electrodes With precise dimensions is limited.
That is, the dimensions of gate electrodes produced by an
etch process may vary signi?cantly due to many variables,
e.g., the etchant species used, the quality of the photosen
sitive mask produced, variations in the thickness of the

there is a need for the Wordlines/gate electrodes to be formed

55

tions as an electrical charge trapping medium. The charge

trapping non-conducting dielectric layer may have tWo
separated and separately chargeable areas, i.e., a left bit and

With sideWalls including a relatively smooth surface. Addi
tionally, there is a need for the mask to be made of material
other than photosensitive material. Such an invention Would
alloW the further scaling of semiconductor devices and

increase performance.

a right bit. Each area de?nes one bit.

DISCLOSURE OF INVENTION

Aconducting gate layer, i.e., a control gate, is formed over
the upper silicon dioxide layer. The SONOS type FLASH

One solution is to deposit a conductive material into the

memory cell has a lightly doped region (the channel)

openings of a hard mask. The deposited conductive material

betWeen tWo bitlines, i.e., a left bitline and a right bitline (it

Will become a gate electrode of a semiconductive device.

should be understood by those having ordinary skill in the
art that the terms source and drain could be used inter

changeably With the term bitlines in this context). The left
bitline or the right bitline may act as either a source or a

65

For example, a lithographic image is transferred from a
photoresist to a hard mask. Then, polysilicon is deposited in
the apertures of the hard mask to form gate electrodes With
precise dimensions and smooth vertical surfaces. That is, it

US 6,933,219 B1
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is easier to transfer a lithographic image from a patterned

MODE(S) FOR CARRYING OUT THE

photoresist to produce a hard mask including apertures With
precise dimensions and smooth sidewalls. The resulting hard

INVENTION

mask can then be used to form gate electrodes of polysilicon
With precise dimensions and smooth sideWalls. The smooth
sideWalls alloW high quality interfaces to be formed betWeen

like including a Wordline(s)/gate electrode(s) having smooth

the gate electrodes and subsequent layers. Thus, the opera
tion of the device Will be improved through this technique.

damascene processes.
In one embodiment, the semiconductor device includes a

According to one aspect of the invention, a method of
forming a semiconductor device is provided, the method
comprising the steps of: forming a dielectric layer over a
substrate; forming a mask layer over the dielectric layer;
patterning the mask layer to form a mask including a mask
line and space pattern, the mask line and space pattern

vertical stack formed over a substrate. The vertical stack

including at least one mask space; and forming a conductive
layer in the at least one mask space, the conductive layer
including a Width dimension about equal to the Width
dimension of the least one mask space.
According to another aspect of the invention, a method for

The present invention is a semiconductor device or the

sideWalls and critical dimensions tightly controlled by a

includes a dielectric layer and a conductive layer. The
dielectric layer is formed over the substrate. A conductive
layer is formed over the dielectric layer. A damascene
processes is used to form a Wordline(s) including a gate

electrode(s) from the conductive layer. The damascene pro
15

cesses used in the formation of the Wordline(s)/gate elec

trode(s) tightly controls the critical dimensions of the Word

line(s)/gate electrode(s). Additionally, the Wordline(s)/gate
electrode(s) includes smooth sideWalls. In another embodi
ment, the dielectric layer of the previously described
embodiment may be a charge-trapping dielectric layer. In
another embodiment, gate electrodes formed from the con

forming a semiconductor device is provided, the method
comprising the steps of: forming a mask over a substrate to
include a line and space pattern, the line and space pattern
having at least one space including a Width dimension; and
forming a conductive layer in the at least one space of the

ductive layer are Within a pitch dimension de?ned by a

resolution limit of lithography.
Additionally, the invention provides a method of produc

mask, the conductive layer includes a Width dimension

25 ing a hard mask over an intermediate structure of the

about equal to the Width dimension of the at least one space
of the mask.

semiconductor device according to a damascene process.
The hard mask includes a line and space pattern. The line

According to another aspect of the invention, a semicon
ductor device is provided, comprising: a substrate; a dielec
tric layer disposed over the substrate; and a conductive layer
disposed over the dielectric layer, Wherein the conductive

and space pattern includes Width dimensions and/or pitch
dimensions, i.e. critical dimensions, in accordance With the

layer comprises a line and space pattern and Wherein side
Walls of the conductive layer include relatively smooth

forming a Wordline(s)/gate electrode(s) including a Width

semiconductor device to be achieved.
Further, the invention provides a method of producing or
dimension of a space (also referred to herein as an opening,
an aperture or the like) formed in a lithographic image in a

surfaces.
35

photoresistive layer used to obtain the lithographic image.

40

After the lithographic image has been transferred to a hard
mask, a conductive material is deposited in the opening(s) in
the hard mask and over an exposed horiZontal surface of the
hard mask to form a conductive layer. Next, the conductive
layer is planariZed to about a thickness of the hard mask

BRIEF DESCRIPTION OF DRAWINGS

These and further features of the present invention Will be

apparent With reference to the folloWing description and

draWings, Wherein:
FIG. 1 is a cross-sectional vieW of a semiconductor device
that includes a Wordline formed using a damascene pro
cesses in accordance With one embodiment of the present

thereby forming the Wordline(s)/gate electrode(s) in the

invention;

electrode(s). In an embodiment, the hard mask is removed

opening(s) of the hard mask. Then, the hard mask optionally
may be selectively removed leaving the Wordline(s)/gate

FIGS. 2—6 are cross-sectional vieWs of the device of FIG. 45 and replaced With another insulator, i.e., another dielectric

1 at intermediate stages of manufacture;
FIG. 7 is a How chart highlighting steps of the manufac
turing process; and

material. The Wordline(s)/gate electrode(s) has a Width
dimension, i.e., a critical dimension, of the space(s) of the
hard mask that is about the Width dimension of the space(s)

FIG. 8 is a cross-sectional vieW of a semiconductor device
that includes a Wordline formed using a damascene pro
cesses in accordance With another embodiment of the

of the lithographic image. Additionally, the gate electrode(s)
thereby formed includes vertical sideWalls With smooth
surfaces. Hence, the dimensions and sideWall pro?les are
easier to control, e.g., footings produced by a conventional

present invention.
To illustrate the present invention in a clear and concise
manner, the draWings may not necessarily be to scale and
certain features may be shoWn in a partial schematic format.

etch process may be reduced or eliminated.
55

Additionally, in the detailed description that folloWs, iden

Starting With a substrate (e. g., semiconductor, insulator or
metal), a dielectric layer is formed over the substrate. Next,
a liner layer is formed over the dielectric layer. The forma

tion of the liner layer is optional. Next, a mask layer of, for

tical components have been given the same reference
numerals. Further, similar components in different embodi
ments Will have a similar reference numeral incremented by
100. For example, in a ?rst embodiment, a dielectric layer is

example, an insulator material, such as silicon dioxide, is
formed over the dielectric layer. Next, an anti-re?ective

may use the reference number 118 for the dielectric layer,

coating (ARC) is formed over the mask layer. The formation
of the ARC is optional. The mask layer alone or in combi
nation With the ARC comprises a hard mask When patterned,

although the dielectric layer may have a different con?gu

as further discussed beloW.

assigned reference number 18. A subsequent embodiment
ration or different function in the different embodiments. For

the sake of brevity, in-depth descriptions of similar compo
nents may be omitted from descriptions of the subsequent
embodiments.

65

Then, a layer of photosensitive material is applied to the
intermediate structure. The layer of photosensitive material
is patterned by lithographic means and developed and etched
to form a lithographic image including lines and spaces (also

US 6,933,219 B1
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referred to herein as a line and space pattern) having
dimensions of the structures, e. g., Wordline(s)/gate electrode
(s), to be formed. In one embodiment, the lines and spaces

dimension, i.e., a critical dimension, that is the smallest
Width dimension achievable by lithography processes alone.

include a minimum Width dimension (critical dimension)
dictated by the resolution limit of lithography. The resolu
tion limit of the lithography is commonly understood to be
the smallest dimension that is achievable by pushing the
lithography system to its highest resolution limit.
Next, a hard mask is formed by transferring the litho
graphic image to the hard mask layer to produce a line and
space pattern in the hard mask layer including the Width
dimensions of the structures, e. g., Wordline(s)/gate electrode
(s), to be formed. It is understood by those With ordinary
skill in the art that in some cases the Width dimension may
be a critical dimension. Thereafter, to produce a Wordline

Thus, a semiconductor device 10 is formed including a
gate pattern including at least one gate electrode 20a per
pitch 16 of a gate pattern. Further, the method of manufac

turing the semiconductor device 10 signi?cantly increases
the yield of gate stacks 14 on the semiconductor substrate
12. Further, the method forms the semiconductor device 10
10

including gate electrodes 20a comprising precise Widths
and/or pitch. Further still, the process overcomes the limi

tation of photoresist in forming gate electrodes 20a includ
ing a critical dimension. For example, conventional photo
15

(s)/gate electrode(s) including the Width dimension and/or
pitch having a particular dimension, a conductive material is

resists are not capable of being used as a photoresist mask
When CMP is used as described above. That is, CMP Would
degrade a photoresist mask, e.g., smear, to the extent the
photoresist mask could no longer perform as a mask to form

formed over the underlying layer portions exposed by the

precise gate electrodes. Additionally, gate electrodes 20a

openings in the hard mask and the horiZontal surface of the
hard mask to form a conductive layer. A thickness of the
conductive material is greater than a thickness of the hard
mask.

conductor device scaling. Thus, gate stacks 14 including
faster operating speeds may be achieved. Also, the method

formed including smooth surfaces alloW for further semi

(s)/gate electrode(s) of the conductive material is left in the

extends the use of current lithography apparatuses.
The steps of a method 210 for fabricating a semiconductor
device 10 are outlined in the flow chart shoWn in FIG. 7.
FIGS. 2—6 illustrate various steps of the method 210. It Will
be appreciated that the method 210 and the semiconductor

corresponding opening(s) in the hard mask. Next, as an
option, the hard mask may be removed by a reactive ion etch

device 10 described beloW are merely exemplary and, that
suitable embodiments of the many beloW described varia

(RIE) to expose the underlying dielectric layer. FolloWing

tions in materials, thicknesses, and/or structures may alter
natively be used in the method 210 and/or the semiconductor
device 10.
In Step 212, as represented in FIG. 2, a structure repre
senting an intermediate step of the manufacturing process is
shoWn. The method is initiated With the substrate 12. The

By etching using a chemical mechanical polishing
(CMP), for example, the conductive layer is removed from
all the horiZontal surfaces of the hard mask. Thus, a Wordline

25

the removal of the hard mask, the semiconductor device may

be completed using conventional techniques as is under
stood by those having ordinary skill in the art.
Referring initially to FIG. 1, a structure illustrative of the

present invention is shoWn, generally designated as 10.
Further, the structure 10 Will be described beloW in rela
tionship to a semiconductor device. Although the structure

35

layer 18 may be formed, as further described beloW.
For illustrative purposes, the substrate 12 is a bulk semi
conductor substrate of silicon. The semiconductor substrate

10 may also be referred to as a semiconductor device 10,

those having ordinary skill in the art Will appreciate that the
invention applies to the formation of features over a sub
strate including a precise Width dimension or critical dimen

substrate 12 may be of any material over Which the dielectric

40

12 includes an active region (not shoWn) extending from a
surface of the semiconductor substrate 12 to a depth of about

sion (CD).

3 nm.

The semiconductor device 10 comprises a semiconductor
substrate 12 having a gate pattern including a gate stack 14
(tWo gate stacks are illustrated in FIG. 1). In one embodi
ment, the semiconductor device 10 includes a gate pattern
including a pitch 16. In one embodiment, the pitch 16 is the

Next, the dielectric layer 18 is formed over the semicon
ductor substrate 12. The dielectric layer 18 may be a single
dielectric layer or a multi-layer dielectric layer. In one
embodiment, the dielectric layer 18 may be a charge trap

45

ping dielectric layer comprising a tunneling layer 22, a
charge trapping layer 24 and an insulating layer 26. HoW
ever, it should be understood by those having ordinary skill
in the art that the charge trapping dielectric layer may
comprise only tWo layers, e.g., the tunneling layer 22 and the
charge trapping layer 24, as further described beloW.

smallest pitch achievable at the resolution limit of lithogra

phy.
Each gate stack 14 includes a dielectric layer 18 inter
posed betWeen a gate electrode 20a formed from a conduc
tive layer 20, as further described beloW. That is, a dama
scene process is used to form the individual gate electrodes

20a from the conductive layer 20.
As illustrated in FIG. 1, the dielectric layer 18 may

For illustrative purposes, the dielectric layer 18 is a charge
trapping dielectric layer formed over the semiconductor

layer 22 is interposed betWeen the charge-trapping layer 24

substrate 12. The charge trapping dielectric layer includes
the tunneling layer 22, the charge trapping layer 24 and the
insulating layer 26. The tunneling layer 22 and the insulating
layer 26 are of silicon dioxide. The charge trapping layer 24
is of silicon nitride. The tunneling layer, the insulating layer

and the semiconductor substrate 12. The charge-trapping

26 and the charge trapping layer each have a thickness of

layer 24 is interposed betWeen the insulating layer 26 and the
tunneling layer 22. Over the insulating layer 26, the gate

about 5 nm.

55

comprise multiple layers. The multiple layers of the dielec
tric layer 18 may include a tunneling layer 22, a charge
trapping layer 24 and an insulating layer 26. The tunneling

vertical sideWalls 28 that include relatively smooth surfaces.

Although the term non-volatile memory device is often
used herein, it is to be understood that a non-volatile
memory device as used herein may contain any of the charge
trapping dielectrics described herein. In other Words, a
non-volatile memory device contains any dielectric layer or

In one embodiment, the gate electrodes 20a have a Width

layers that are capable of or facilitate electron trapping, and

electrodes 20a are formed from the conductive layer 20.
The resulting semiconductor device 10 has a gate pattern

including the pitch 16. Further, the gate electrodes 20a have

65
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the non-volatile memory device contains an ONO charge

Referring noW to FIG. 4, next, an anisotropic etching is

trapping dielectric only When a speci?c reference to such
dielectric is indicated.
NoW referring to FIG. 3, in Step 214, a liner layer

conducted to transfer the lithographic image (the pattern in
the photoresist) from the imaging layer to the ARC, if used,
and the hard mask layer 30. A patterned hard mask layer
(generally designated 30a), alone or in combination With the
patterned ARC (not shoWn), may be generally referred to as

(optional) (not shoWn) is formed over the dielectric layer 18.
The liner layer functions as an etch stop layer. Accordingly,
the liner layer may be of any material over Which the hard
mask layer 30 may be formed and Which can be used to stop
an etch process of the hard mask layer 30.
For illustrative purposes, the liner layer is of silicon

the “hard mask”. The etchant removes the exposed ARC and

the underlying hard mask layer 30 in the openings (aper
tures) of the photosensitive material leaving a line 34 and a
10

space 32 (also opening 32) in the hard mask 30a, including

nitride. The liner layer has a thickness of about 2.5 nm. The

a dimension substantially similar to the dimension of a line

liner layer is deposited by CVD.

and the space in the photosensitive material. The lines 34
have sideWalls 36, including a vertical component. A sub

Next, the hard mask layer 30 to be patterned is formed
over the dielectric layer 18 (over the liner layer, if the liner

layer is formed); again using conventional techniques. For

15

ferred from the patterned imaging layer to the hard mask

example, the hard mask layer 30 may be thermally groWn.
Alternatively, the hard mask layer 30 may be deposited
using conventional techniques. Further, the hard mask layer

30a.
Next in Step 216 and Step 218, as illustrated in FIGS. 5—6,
gate electrodes 20a are formed in the openings 32 of the

30 may be formed using a combination of the above, e.g., a

patterned hard mask layer 30a (FIG. 6). As represented in

thin oxide layer may be thermally groWn to form a good
interface and then an oxide of lesser quality may be depos
ited thereon.
The hard mask layer 30 may be of any knoWn mask
material, as further described beloW, over Which a photo

sensitive imaging layer can be coated and patterned by
conventional lithographic techniques. For illustrative pur
poses, the hard mask layer 30 is HTO. The hard mask layer

FIG. 5, according to one method, a conductive layer 20 is
formed over the patterned hard mask layer 30a and the

portion of the dielectric layer 18 (or over the liner layer, if

used) exposed by the openings 32 therein.
25

patterned hard mask layer 30a. For exemplary purposes, the
conductive layer 20 is of a polysilicon. The polysilicon may
be deposited over the substrate 12 using a PECVD process.
The loWer limit and the upper limit of the thickness of the

is deposited by CVD.
Next, an anti-re?ective coating (ARC) (optional) (not

conductive layer 20 is dictated by the requirements of good

shoWn) of silicon rich nitride (SiRN) is formed over the hard
mask layer 30. Other exemplary materials Which may be

step coverage associated With the vertical Wall pro?le of a
line 34 of the hard mask 30a and viability of the conductive

used as the ARC include a SiON, a silicon rich oxide

deposited by CVD, for example. The ARC is used When
increased resolution of the lithography process is required.
Next, an imaging layer (not shoWn) of a photosensitive

layer 20 as a thin ?lm useful as a Wordline(s)/gate
35

electrode(s).
Next, as shoWn in FIG. 6, the conductive layer 20 is
etched using, for example, a CMP to remove the conductive

material is applied, for example, by spin-coating. The imag
ing layer may have a thickness in the range of about 30 nm

In general, the conductive layer 20 may be any material,
as further described beloW, that can be deposited over the

30 has a thickness of about 30 nm. The hard mask layer 30

(SiRO), a disposable organic ARC or the like. The ARC is

sequent anisotropic etching removes any remaining imaging
layer (not shoWn). Thus, the lithographic image is trans

40

layer 20 from all the horiZontal surfaces of the hard mask
30a. Thus, unetched portions of the conductive layer 20 are
left in the openings 32 of the hard mask 30a. These unetched

to about 500 nm, for example. Then, the imaging layer is
patterned by pattern-exposing using a conventional litho
graphic tool, developed, rinsed and dried. Next, an aniso

portions of the conductive layer 20 form Wordline(s)/gate

tropic etching is conducted to form a line and space pattern

trodes 20a are approximately equal to the dimensions of the

in the imaging layer according to the pattern (not shoWn).

electrodes 20a.

Accordingly, the dimensions of the Wordline(s)/gate elec
45

The lines in the photosensitive material have sideWalls,
including a vertical component. By controlling the dimen
sion of the lines With precision in the lithographic image, the
spaces of the lithographic pattern Will be formed With
precision and it is the precise dimension of spaces Which is
sought. The Width dimension of the lines is determined by

NoW referring back to FIG. 1, in Step 220, the hard mask
30a may optionally be removed from the semiconductor
substrate 12. Subjecting the hard mask 30a to a suitable

the characteristics of the device being formed. In one
embodiment, the Width dimension of the lines is the smallest

image dimension that is obtainable by the conventional
lithography process utiliZed above. As mentioned above, the
Width may be the smallest dimension that is achievable by
pushing lithography system to its highest resolution limit.
Next, the imaging layer may be subjected to a hardening
process to thermally stabiliZe the imaging layer. Deep ultra

55

etch or Washed off in a liquid base. It should be understood

is removed i.e., etched, With an etchant With a selectivity
such that the gate dielectric Will not be damaged by the
etchant. For example, an etchant could be selected to stop on
a nitride layer.
HoWever, the etchant species must have a selectivity
betWeen the hard mask 30a and the gate electrodes 20a, as

200° C. to about 250° C. for about 1—2 minutes may be used

for hardening. Another method of hardening the imaging
layer is by subjecting it to a halogen gas plasma. This

degraded during the subsequent process.

etchant, for example, a hot oxidiZing acid such as nitric acid,
sulphuric acid, hot phosphoric acid or a hot phenol removes
the hard mask 30a. Alternatively, the hard mask 30a may be
removed by oxygen plasma. Any of the hard mask 30a that
remains may be removed by mechanical means, a plasma

by those having ordinary skill in the art, the hard mask 30a

violet exposure or heat treatment at a temperature of about

hardening step is optional and may be needed for conven
tional photoresists, lest the photosensitive material consti
tuting the imaging layer may melt and How or otherWise get

openings 32. Thus, the gate electrodes 20a include a precise
Width dimension. In one embodiment, the Width dimension
is achievable at a resolution limit of lithography.
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described above. The exposed liner layer, if formed, may be
removed by an RIE, if desired. Alternatively, the etchant
used may be an 02 plasma, an argon plasma, a ?uorine
plasma or the like.
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Next, the semiconductor device 10 may be completed

thin While being formed of a physically thicker layer com

using conventional techniques knoWn by those having ordi

pared to a conventional SiO2 gate dielectric layer.
Examples of dielectric materials having a high-K include
the folloWing: aluminum oxide (A1203), hafnium oxide

nary skill in the art (not shoWn). For example, if the
sideWalls of the non-volatile memory device are exposed, a
spacer may be formed on a sideWall of the non-volatile
memory cell. The spacer may be of an insulating ?lm in

(HfOZ), Zirconium oxide (ZrxOy), titanium oxide (TiO),
yttrium oxide (YO), Zirconium silicate, hafnium silicate,

consideration of the diffusion of the impurities in the lateral
direction during the formation of the source and drain

lanthanum oxide (La2O3), cerium oxide (CeOZ), bismuth
silicon oxide (Bi4Si2O12), tantalum oxide (Ta2O5), tungsten

regions. Additionally, the semiconductor device 10, may be

oxide (W03), LaAIO3, BST (Ba1_xSrxTiO3), PbTiO3,
BaTiO3, SiTiO3, PbZrO3, PST (PbScxTa1_xO3), PZN
(PbZnxNb1_xO3), PZT (PbZrxTi1_xO3), PMN (PbMgxNb1_x

further isolated from other devices on the semiconductor

substrate by a LOCal Oxidation of Silicon (LOCOS) oxide

O3) or the like. Additionally, the insulating layer may
comprise other binary and tertiary metal oxides and ferro

?lm or a trench device isolation ?lm (shalloW trench isola

tion, i.e., STI). Further, contacts may be formed to the
non-volatile memory cell and the source and drain regions,
or the like, to complete a Working semiconductor device 10.
As mentioned above, the substrate 12 may be of any
material over Which the dielectric layer 18 may be formed,
for example, a conductive material, a non-conductive mate

electric material, including a dielectric constant greater than
15

consideration of the characteristics of a semiconductor

device to be realiZed, the magnitude of the voltage to be
applied When the realiZed semiconductor is used, and is, for

rial, a semiconductive material or a combination thereof. A
substrate of a semiconductive material (referred to herein as
a semiconductor substrate) may be a bulk substrate, a

example, about 10 nm to about 100 nm thick.
The surface semiconductor layer functions as an active

layer for forming the semiconductor device 10. The surface

composite semiconductor substrate or the like. Further, the
semiconductor substrate may be formed of silicon, germa
nium or the like; a compound semiconductor, such as, GaAs,
InGaAs or the like.

semiconductor layer may be made of a semiconductor
material, such as silicon, germanium or the like; or a
25

The composite semiconductor substrate may be a semi
conductor-on-insulator (SOI), a silicon-on-insulator, a ger

compound semiconductor, such as germanium-silicon
(GeSi), GaAs, InGaAs or the like, or mixtures thereof. The

surface semiconductor layer may be in a single crystal,
polycrystalline or nanocrystalline form.

manium-on-insulator (GOI) or the like. The composite semi
conductor substrate may comprise a support substrate, an
insulating layer formed over the support substrate and a
surface semiconductor layer formed over the insulating
layer. The support substrate may be of one of the materials
described above.

The insulating layer may comprise sapphire, quartZ, glass,
plastic or the like. For example, the insulating layer may be
silicon oxide (SixOy). The insulating layer may be a nitride

silicon dioxide (SiOZ).
The thickness of the insulating layer may be adjusted in
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The thickness of the surface semiconductor layer can be
adjusted in consideration of the characteristics of the semi
conductor device 10 to be realiZed. For example, the junc
tion depth of the source and drain regions may be varied.
The depth of the channel region Within the surface semi
conductor layer may also be varied. The surface semicon
ductor layer may be, for example, about 1 nm to about 100
nm thick.

layer, for example, silicon oxynitride (SiON), silicon nitride

With regards to the dielectric layer 18, the dielectric layer

(SiN) or the like. Alternatively, the insulating layer may also
be an undoped polysilicon. Further, the insulating layer may

18 may be of any material or combination of materials over
Which a hard mask layer 30 may be formed. In one embodi

be of a material, including a permittivity greater than a
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permittivity of silicon dioxide (SiOZ), i.e., about 3.9.
Permittivity, e, of a material re?ects the ability of the
material to be polariZed by an electric ?eld. The permittivity
of a material is typically described as its permittivity nor
maliZed to the permittivity of a vacuum, 60. Hence, the 45
relative permittivity, referred to as a dielectric constant K, of

ment, the dielectric layer 18 may be formed of any dielectric
material, for example, oxide material, such as, SiO2 or
SixOy, or of a high-K dielectric material, as further described
above.
In the embodiment Where the dielectric layer 18 is a

charge trapping dielectric layer (three sub-layers), the tun
neling layer 22 is interposed betWeen the charge trapping
layer 24 and the semiconductor substrate 12. The charge

a material is de?ned as:

trapping layer 24 is interposed betWeen the insulating layer
26a and the tunneling layer 22. The insulating layer 26a is
formed over the charge trapping layer 24.
The tunneling layer 22 and the insulating layer 26a may

While silicon dioxide (SiO2) (sometimes simply referred
to as “oxide”) has a dielectric constant of approximately 3.9,

other materials have higher K values. For example, alumi
num oxide (A1203) has a K of about 9 to about 10. Much
higher K values of, for example, 20 or more, can be obtained

With various transition metal oxides, including tantalum
oxide (TaZOS), hafnium oxide (HfO2) and Zirconium oxide
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tunneling layer 22 and the insulating layer 26a may be an
undoped polysilicon. One or both of the tunneling layer 22

(ZrOZ).
Using a dielectric material including a higher K, for

and the insulating layer 26a may be a silicon-rich silicon
dioxide layer. One or both of the tunneling layer 22 and the

example, for the gate dielectric, alloWs a high capacitance

insulating layer 26a may be a layer having a high permit
tivity. One or both of the tunneling layer 22 and the
insulating layer 26a may be an oxygen-rich silicon dioxide

and an electrical equivalent thickness of a thinner silicon

dioxide (SiO2) gate dielectric layer to be achieved While
maintaining or increasing the physical thickness of the gate
dielectric. For example, an aluminum oxide (A1203) layer
that includes a K of 9.6 and a physical thickness of 6.25 nm

is substantially electrically equivalent to a silicon oxide

be of any dielectric material, e.g., SixOy, or of a high-K
dielectric material, as further described above. For example,
one or both of the tunneling layer 22 and the insulating layer
26a may be silicon oxide (SixOy). One or both of the
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layer. One or both of the tunneling layer 22 and the insu
lating layer 26a may be a nitrided oxide layer. It should be
understood by those having ordinary skill in the art that one

(SiO2) layer (K=3.9), including a physical thickness of 2.5

or more of the sub-layers of the dielectric layer 18 may be

nm. Therefore, the gate dielectric can be made electrically

of the same material, for example, SiRN, With different
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compositions. One or both of the tunneling layer 22 and the

The liner layer may have a thickness of, for example,

insulating layer 26a may be a thermally groWn oxide or a

betWeen about 1 nm to about 10 nm.

deposited oxide.

Referring noW to the hard mask layer 30, the hard mask
layer 30 may be a high temperature oxide (HTO), for

The charge trapping layer 24 may be of any material that
is compatible With the ?rst and second dielectric layers and

example, silicon oxide (SixOy). Additionally, the hard mask

is capable of storing a charge. The charge trapping layer 24

layer 30 may be a nitride layer, for example, silicon oxyni
tride (SiON), silicon nitride (SiN) or the like. Alternatively,

may be a nitride, e. g., silicon nitride (SiN), silicon oxynitride

(SiON), silicon rich nitride (SiRN) or the like. The charge
trapping layer 24 may also be a nitrogen-rich silicon nitride

layer.

10

In one embodiment, the three sub-layers 22, 24 and 26a
form an oxide-nitride-oxide dielectric layer, commonly

example, betWeen about 50 nm to about 150 nm. In one

referred to as an ONO layer or an ONO dielectric layer.

When the dielectric layer 18 acts as a charge trapping

dielectric, the electron trapping is performed in the charge

15

trapping layer 24. In this case, the dielectric layer 18 may be
any dielectric layer or layers that are capable of or facilitate

electron trapping. For example, the charge trapping dielec
trics include an ONO trilayer dielectric, an oxide/nitride

bilayer dielectric, a nitride/oxide bilayer dielectric, an oxide/
tantalum oxide bilayer dielectric (SiOZ/TaZOS), an oxide/

20

tantalum oxide/oxide trilayer dielectric (SiOZ/TaZOS/SiOZ),
an oxide/strontium titanate bilayer dielectric (SiO2/SrTiO3),
an oxide/barium strontium titanate bilayer dielectric (SiO2/
BaSrTiOZ), an oxide/strontium titanate/oxide trilayer dielec
tric (SiO2/SrTiO3SiO2), an oxide/strontium titanate/barium

the hard mask layer 30 may be of a high-k material as
described above.
The hard mask layer 30 may have a thickness of, for

25

embodiment, the hard mask layer 30 may have a thickness
of, for example, betWeen about 1 nm and about 300 nm. In
another embodiment, the hard mask layer 30 may have a
thickness of, for example, betWeen about 5 nm and about
250 nm. It Will be understood by those having ordinary skill
in the art that the above thickness ranges of the hard mask
layer 30 are merely exemplary and that the thickness ranges
may be recombined, for example, from about 1 nm to about
150 nm, or about 50 nm to about 250 nm, or about 1 nm to
about 5 nm or the like.

NoW referring to the conductive layer 20, the conductive
layer 20 can be formed of doped or undoped polysilicon,
silicide of a metal including a high melting point such as W,
Ta, Ti, M0 or the like; polycide made of the silicide (for

example, MoSi2, WSi2) and polysilicon; and the other

strontium titanate trilayer dielectric (SiO2SrTiO3BaSrTiO2),

metals. Alternatively, the conductive layer 20 may be

an oxide/hafnium oxide/oxide trilayer dielectric or the like

porous, amorphous, single crystal, polycrystalline, nanoc

(in each case, the ?rst layer mentioned is the bottom layer
While the last layer mentioned is the top layer).

rystalline or the like, or combinations thereof. The conduc
30

tive layer 20 may be, for example, about 5 nm thick.

The dielectric layer 18 may have an overall thickness of

In one embodiment, the conductive layer 20 may have a

between, for example, about less than 1 nm and about 500

thickness of, for example, between about 30 nm and about
1000 nm. In another embodiment, the conductive layer 20

nm. In one embodiment, the dielectric layer 18 may have a

thickness of, for example, betWeen about 10 nm and about
300 nm. In another embodiment, the dielectric layer 18 may
have a thickness of, for example, betWeen about 50 nm and
about 250 nm. It should be understood by those having
ordinary skill in the art that the above thickness ranges are
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may have a thickness of, for example, betWeen about 50 nm
and about 500 nm. It should be understood by those having
ordinary skill in the art that the above thicknesses are merely

exemplary and that the thicknesses may be combined, for
example, from about 30 nm to about 500 nm, or about 50 nm
to about 1000 nm, or about 30 nm to about 50 nm or the like.

merely exemplary and that the exemplary thicknesses ranges
300 nm, or about 10 nm to about 250 nm, or about 1 nm to

The conductive layer 20 is applied over the substrate 12
or the dielectric layer 18 using knoWn techniques such as

about 10 nm or the like. Each sub-layer Will be deposited to

spin-coating, chemical vapor deposition (CVD), plasma

a thickness according to a desired device parameter for a
semiconductor device 110 to be realiZed as further described

enhanced chemical vapor deposition (PECVD), atomic layer

may be recombined, for example, from about 1 nm to about

beloW.
With regards to the overall thicknesses of the dielectric

40

deposition (ALD) or the like.
45

With reference to FIG. 8, another embodiment is illus

trated and the semiconductor device is generally designated

layer 18 described above, in one embodiment the tunneling

110. The semiconductor device 110 includes a semiconduc

layer 22 and the insulating layer 26a individually have

tor substrate 112 including gate stacks 114 and a pitch 116.

thicknesses from about 0.5 nm to about 15 nm While the

charge trapping layer 24 has a thickness from about 0.5 nm
to about 15 nm. In another embodiment, the tunneling layer

50

The semiconductor device 110 also includes a dielectric
layer 118 formed over the semiconductor substrate 112. The
dielectric layer 118 functions as a gate dielectric. A conduc

22 and the insulating layer 26a individually have thicknesses

tive layer 120 including Wordline(s)/gate electrodes 120a is

from about 5 nm to about 12 nm While the charge trapping

formed over the dielectric layer 118. The Wordline(s)/gate
electrodes 120a include dimensions of an image formed in

layer 24 has a thickness from about 3 nm to about 8 nm. In

yet another embodiment, the tunneling layer 22 and the
insulating layer 26a individually have thicknesses from

55

about 7 nm to about 10 nm While the charge trapping layer
24 has a thickness of from about 3 nm to about 7 nm. In

another embodiment, the tunneling layer 22 may have a
thickness different than the insulating layer 26a.

60

Turning noW to the liner layer, the liner layer may be a

high temperature oxide (HTO), for example, silicon oxide
(SixOy). Additionally, the liner layer may be a nitride layer,
for example, silicon oxynitride (SiON), silicon nitride (SiN)
or the like.

The liner layer may be thermally groWn. Alternatively, the
liner layer may be deposited using conventional techniques.

a hard mask by a damascene process. Additionally, the

Wordline(s)/gate electrodes 120a include vertical sideWalls
having relatively smooth surfaces. In one embodiment, the
semiconductor device 110 includes isolation structures (not
shoWn) interposed betWeen the individual cells to electri
cally isolate the individual cells.
Another example of a device Which may take advantage
of a gate electrode including a precise Width dimension and

the vertical sideWalls having relatively smooth sideWalls, is
a FLASH memory cell. In particular, the formation of a
65

?oating gate and/or the control gate for such a device. Such
a FLASH memory cell Would be capable of operating at

signi?cantly higher speeds than traditional FLASH memory
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cell devices formed by conventional techniques. Addition

anisotropically etching to remove a portion of the con
ductive material from horiZontal surfaces of the mask.

ally, the scaling of the FLASH memory cell Would allow a

higher yield per Wafer.

4. The method according to claim 1, Wherein the mask
layer comprises at least one of photoresist; silicon oxide

While the invention has been explained in relation to its
preferred embodiments, it is to be understood that various
modi?cations Will become apparent to those skilled in the art

(SixOy), silicon-dioxide (SiOZ), aluminum oxide (A1203),
hafnium oxide (HfO), Zirconium oxide (ZrO), titanium

upon reading the speci?cation. It Will further be appreciated
that the semiconductor device 10 and 110 may alternatively
have other shapes than the shapes shoWn in FIGS. 1 and 8,
for example. Therefore, it is to be understood that the

oxide (TiO), yttrium oxide (YO), lanthanum oxide (La2O3),
cerium oxide (CeOZ), bismuth silicon oxide (Bi4Si2O12),
10

invention disclosed herein is intended to cover such modi

?cations as fall Within the scope of the appended claims.
Additionally, although the How chart 210 of FIG. 7 shoWs a

speci?c procedural order, it is understood that the procedural
order may differ from that Which is depicted. For example,

tantalum oxide (TaZOS), tungsten oxide (W03), LaAIO3,
BST (Ba1_xSrxTiO3), PbTiO3, BaTiO3, SiTiO3, PbZrO3, PST
(PbScxTa1_xO3), PZN (PbZnxNb1_xO3), PZT (PbZrxTi1_xO3),
PMN (PbMgxNb1_xO3), binary and tertiary metal oxides,
other metal oxides; silicon nitride (SixNy), silicon oxynitride
(SiOxNy), other nitrides; Zirconium silicate, hafnium silicate,

the procedural order of tWo or more blocks may be reordered 15 other silicates; ferro electric material; the aforementioned
materials implanted With any element; the aforementioned
relative to the order shoWn. Also, tWo or more blocks shoWn
materials in layered or graded composition combinations;
in succession in FIG. 7 may be executed concurrently or
the aforementioned materials in porous, amorphous, single
With partial concurrence.

crystal, polycrystalline, or nanocrystalline form; and mix
INDUSTRIAL APPLICABILITY

tures thereof.

5. The method according to claim 1, further comprising
the step of:

A semiconductor device fabricated using this damascene
process includes a Wordline(s)/gate electrode(s) having a

forming and patterning an anti-re?ective coating (ARC)

precise dimension. Additionally, the Wordline(s)/gate elec
trode(s) includes sideWalls With a vertical component having
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relatively smooth surfaces. In one embodiment, a semicon
ductor device includes a pitch having a critical dimension

over the mask layer.
6. The method according to claim 5, Wherein the mask

comprises the patterned ARC and the patterned mask layer.
7. The method according to claim 1, Wherein the germa

obtainable by conventional lithography processes alone. In
one embodiment, a semiconductor device includes a Word

nium (Ge) comprises crystalline germanium.

line(s)/gate electrode(s) having a Width dimension, i.e., a
critical dimension, obtainable by conventional lithography

8. The method according to claim 1, Wherein the dielectric
layer comprises at least one of silicon oxide (SixOy), silicon

processes alone. Such semiconductor devices Would be

dioxide (SiOZ), aluminum oxide (A1203), hafnium oxide
(HfO), Zirconium oxide (ZrO), titanium oxide (TiO), yttrium
oxide (YO), lanthanum oxide (La2O3), cerium oxide
(CeOZ), bismuth silicon oxide (Bi4Si2O12), tantalum oxide

capable of operating at signi?cantly higher speeds than
traditional semiconductor devices formed by conventional

techniques. Additionally, the scaling of the semiconductor
devices Would alloW a higher yield per Wafer.
What is claimed is:
1. A method of forming a semiconductor device, the
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(Ta2O5), tungsten oxide (W03), LaAIO3, BST (Ba1_xSrx

TiO3), PbTiO3, BaTiO3, SiTiO3, PbZrO3, PST (PbScxTa1_x
O3), PZN (PbZnxNb1_xO3), PZT (PbZrxTi1_xO3), PMN (Pb
MgxNb1_xO3), binary and tertiary metal oxides, other metal

method comprising the steps of:
forming a charge-trapping dielectric layer over a sub

strate, the charge-trapping dielectric layer including a
tunnelling layer, a charge-trapping layer, and an insu

40

other nitrides; Zirconium silicate, hafnium silicate, other
silicates; ferro electric material; the aforementioned mate
rials implanted With any element; the aforementioned mate

lating layer, Wherein the tunnelling layer is disposed
over the substrate, the charge-trapping layer is disposed
over the tunnelling layer and the insulating layer is
disposed over the charge-trapping layer;
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forming a mask layer over the dielectric layer;
forming a photosensitive layer over the mask layer;
layer to form a mask including a mask line and space

pattern, the mask line and space pattern including at

strate comprises:
a germanium-on-insulator (GOI) structure including:

least one mask space; and

forming a conductive layer over the patterned mask layer
and ?lling the at least one mask space, the conductive

a semiconductor substrate;

layer including a Width dimension about equal to the
55

planariZing the conductive layer doWn to horiZontal sur
faces of the mask.

2. The method according to claim 1, further comprising
the steps of:
removing the mask to expose sideWalls of the conductive
layer, Wherein the sideWalls include relatively smooth
surfaces.
3. The method according to claim 2, Wherein the step of

forming the conductive layer comprises the steps of:
forming a conformal layer of a conductive material over 65

the mask and exposed surface of the dielectric layer;
and

rials in layered or graded composition combinations; the
aforementioned materials in porous, amorphous, single crys
tal, polycrystalline, or nanocrystalline form; and mixtures
thereof.
9. The method according to claim 1, Wherein the mask
de?nes a pitch of the mask line and space pattern.
10. The method according to claim 1, Wherein the sub

using the photosensitive layer to pattern only the mask

Width dimension of the least one mask space; and

oxides; silicon nitride (SixNy), silicon oxynitride (SiOxNy),

an insulating layer disposed over the semiconductor

substrate; and
a semiconductive layer comprising germanium (Ge)
disposed over the insulating layer.
11. A method of forming a semiconductor device, the

method comprising the steps of:
forming a charge-trapping dielectric layer over a sub

strate, the charge-trapping dielectric layer including a
tunnelling layer, a charge-trapping layer, and an insu

lating layer, Wherein the tunnelling layer is disposed
over the substrate, the charge-trapping layer is disposed
over the tunnelling layer and the insulating layer is
disposed over the charge-trapping layer;
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forming a mask over the charge-trapping dielectric layer
12. The method according to claim 11, Wherein the
to include a line and space pattern, the line and space
substrate comprises:
pattern having at least one space including a Width
a germanium-on-insulator (GOI) structure including:
dimension; and
a semiconductor substrate;
forming a conductive layer over the mask layer and ?lling 5
an insulating layer disposed over the semiconductor
the at least one space of the mask, the conductive layer
substrate; and
including a Width dimension about equal to the Width
a semiconductive layer comprising germanium (Ge)
dimension of the at least one space of the mask; and
disposed over the insulating layer.
planariZing the conductive layer doWn to horiZontal sur
faces of the mask.
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