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| -~ FABBECATIXON OF M D- GAP METAL GATES COVPATI BLE W TH ULTRA- TﬁTWZEQ 2 - 5
B ELECTRI CS DESCRI PTI ON Techni cal Fiel d The present invention relaggﬁFig a

met hod for fabricating m d-gap workfunction tungsten (W gates dir

onto gate dielectric materials such as ultra- thin gate dielectric

materials for use in high speed/ high density advanced netal oxide
sem.conductor (M3S) and conpl enmentary mdial oxi de sem conduct or ( CMOS)
devices. Specifically, the m d-gap workfunction Wgates of the instant
invention are fabricated directly onto gate dielectric materials by

enploying a | ow tenperature/l ow pressure chem cal vapor deposition (CVD)

t echni que using tungsten - ' . '

LS

.FABRICATION OF MID-GAP
METAL GATES COMPATIBLE WITH ULTRA-THIN
DIELECTRICS '

DESCRIPTION
Technical Field

The present invention relates to a method for -
fabricating mid-gap workfunction tungsteh (W) gateé
dirgctly onto gate dielectric materials such as ultra-
thin gate dielectric materials for use in high-

- speed/high density advanced metal oxide semiconductor
(MOS) and complementary metal oxide semiconductor
(CMOS) devices.  Specifically, the o
mid-gap workfunction W gates of the instant invention
are fabricated directly onto gate dielectric materials
by employing a low temperature/low pressure chemical
vapor deposition (CVD) technique using tungsten
hexaéarbonyl, W(CO),, as the source material. The
method of the present invention can also be used in
fabricating W electrodes which may be employed in
quantum devices.

The present invention also relates to high speed/high
density advanced MOS and CMOS devices such as field
effect transistors (FETs) and simple capacitors which
contain at least one mid-gap workfunction W gate on a
gate dielectric material, wherein said mid-gap
workfunction W gate is fabricated by the method of the
present invention.



hexacarbonyl, WCO[err], as the source material. The nmethod of the
‘present invention can also be used in fabricating Wel ectrodes which may be
enpl oyed i n quantum devi ces. The present invention also relates to high
speed/ hi gh density advanced MOS and CMOS devi ces such as field effect

transi stors (FETs) and sinple capacitors which contain at | east one m d-gap
wor kf unction Wgate on a gate dielectric material, wherein said m d-gap

wor kf unction Wgate is fabricated by the nmethod of the present invention.
-2- PRROR ART In the field of advanced sem conduct or manufacturi ng,

-2~

PRIOR ART

In the field of advanced semiconductor manufacturing,
high speed/high density MOS devices:require extremely
short channel lengths which are typically less than
0.1 pum. Straight scaling of existing'MOS device
structures to these short channel lengths is not
practicable nor is it feasible.

Accordingly, several new typés of MOS devices, e.qg.
silicon-on-insulators (SOIs)and double gate MOS |
devices, contaiﬁing polysilicon gates have been
developed to overcome the foregoing problem with prior
art MOS devices. Common to all of these prior art
devices, however, is the need for extremely thin gate
dielectric materials which generally have a thickness
of less than about 4.0 nm. A device with such a thin
gate dielectric material must be operated with as low
a bias voltage as possible.

In current practice, the threshold voltage, V., is

controlled by the“adjustment of two parameters.

First, the workfunction of the polysilicon gate is-

adjusted by doping the gate p* or n* for p-FETs and

n-FETs, respectively. Second, the workfunction of the
channel is adjusted by appropriately doping of the -
substrate to provide an acceptable workfunction

difference between the channel and the gate. This

workfunction difference provides a built-in potential,



hi gh speed/ hi gh density MOS devices require extrenely short channel |engths
which are typically less than 0.1 [err]m Straight scaling of existing MOS
device structures to these short channel lengths is not practicable nor is
it feasible. Accordingly, several new types of MOS devices, e.g.
silicon-on-insulators (SO s)and doubl e gate MOS devi ces, contai ning

pol ysilicon gates have been devel oped to overcone the foregoing problem
with prior art MOS devices. Common to all of these prior art devices,
however, is the need for extrenely thin gate dielectric materials which
general |y have a thickness of | ess than about 4.0 nm A device with such a
thin gate dielectric material nust be operated with as |ow a bias voltage
as possible. In current practice, the threshold voltage, V[err], is
controlled by the adjustnent of two paraneters.

which, operating in conjunction with the externally
applied bias, turns the device on and off.

For MOS devices far below 0.1 um gate lengths,
fluctuations in local dopant concentrations from one
device to another results in an unacceptable large
spread in V,. Advanced CMOS designs must therefore be
fabricated with essentially intrinsic channels. This
temoves one of the parameﬁers heretofore used to set
V, only the gate workfunction remains.

In order to have the smailest possible externally
applied bias voltage, the Fermi level of the gate
should lie midway between the valence and conduction
bands of silicon; i.e. at mid-gap. The existing
technology, which consequently employs polysilicon
gates, cannot satisfy this requirement. Thus,'there
is a need for developing a new gate material having a
mid—gép Wdrkfunction, a good conductivity as well as
being compatible with the processing of delicate
ultra-thin dielectrics. This includes, but not
Iimited to, an absence. of energetic charged particles,
ionizing radiation, corrosive reagents which may
attack the ultra-thin gate dielectric material and any
undesirable thermodynamically inherent interactions
between the gate material and the dielectric, e.q. -
inter-diffusion, surface roughening or mutual chemical
instability. It is noted that these latter inherent
requirements are extremely stringent for ultra-thin

dielectrics because unacceptable large leakage -



First, the workfunction of the polysilicon gate is adjusted by doping the
‘gate p[err] or n[err] for p-FETs and n-FETs, respectively. Second, the
wor kf unction of the channel is adjusted by appropriately doping of the
substrate to provide an acceptabl e workfunction difference between the
channel and the gate. This workfunction difference provides a built-in
potenti al, -3- which, operating in conjunction with the externally
applied bias, turns the device on and off. For MOS devices far below 0.1
[err]mgate |l engths, fluctuations in |ocal dopant concentrations from one

~device to another results in an unacceptable |large spread in VT. Advanced
CMOS designs nust therefore be —4-

. currents may be ihduced'by Very small absolute changes
in the effective thickness of the dielectric.

These and other objectives are met by the present
method which provides a mid-gap workfunction W gate or
electrode that is deposited directly on a dielectric
layer such as-an ultra-thin dielectric material using
a low temperature/low pressure CVD process with -
tungsten hexacarbonyl, W(CQ)‘; as the source material.

It is emphasized that the deposition of W using CVD
techniques is well known in the art and it is
generally applied as a wiring means in packaging
applications. In those applications, tungsten
hexafluoride, WF, is typically used as the source
material not W(CO),. DLittle attention has been given
to ‘the use of tungsten carbonyls in wiring
applications since relatively high temperatures are
necessary to produce reasonably pure W films.

Mid-gap workfunction W gates using WF; CVD chemistry
have been previously disclosed in the prior art. This
process, however, differs fundamentally from the
present invention, in that WF; cannot be used to
deposit W directly onto ultra-thin gate dielectric
materials. Instead, thick layers of silicon must
first be deposited onto the gate dielectric material
in a chemical activation step, and then the silicon is
reacted away (to form SiF,) leaving W in its stead.

Moreover, it has been determined that expeosure of even
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fabricated with essentially intrinsic channels. This renpves one of the
parameters heretofore used to set VI only the gate workfunction renains.
order to have the snallest possible externally applied bias voltage, the

Ferm | eve

of the gate should lie m dway between the val ence and

conduction bands of silicon; i.e. at md-gap. The existing technolo
whi ch consequently enpl oys polysilicon gates, cannot satisfy this

requirenent.

Thus, there is a need for devel oping a new gate mater

having a m d-gap workfunction, a good conductivity as well as being
conpatible with the processing of deliqggg ultra-thin dielectrics.
I ncl udes, but not limted to, an absence of energetic charged particles,

i oni zing radiation,

dielectric material and any undesirable thernmodynam cally inherent
lnteraCtICNE$quite.thick oxide films (250 nm) to WF, causes,

without any exceptions, complete device failure owning
to massive gate dielectric leakage currents. Other
techniques besides CVD have been employed, however,
none of the prior art proceéses are capable of
depositing W directly onto ultra-thin gate dielectric
materials. '

Despite the potential use of tungsten carbonyls in
wiring applications there is no disclosure of using
W(CO), as the CVD source material for providing
mid-gap workfunction W gates on dielectric materials
such as ultra-thin gate dielectric materials.

SUMMARY OF THE - INVENTTON

One object of the present invention is to provide a
method for fabriéating_mid-gap workfunction W gates
directly onto gate dielectric materials such as ultra-
thin gate dielectric materials for use in MOS and CMOS
applications without the need of any preparatory
chemical activation steps such as is generally
required by most prior art processes.

Another object of the present invention is to provide
a method of fabricating mid-gap workfunction W gates
which are compatible with gate dielectric materials
such as ultra-thin gate dielectric materials; have a
highly purity (greater than 99.99%) and a resistivity

ay,
i al

Thi s

In

corrosive reagents which nay attack the ultra-thin gate
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etween the gate material and the dielectric, e.g. inter-diffusion, surface
roughening or nmutual chem cal instability. It is noted that these latter

i nherent requirenments are extrenely stringent for ultra-thin dielectrics
because unaccept abl e | arge | eakage -4- currents may be induced by very
smal | absol ute changes in the effective thickness of the dielectric. These
and ot her objectives are net by the present nethod which provides a m d-gap
wor kf unction Wgate or electrode that is deposited directly on a dielectric
| ayer such as an ultra-thin dielectric material using a | ow tenperature/low
pressure CVD process with tungsten hexag?rbonyl, WCO ([err], as the source
mat eri al . ' 0T

value close to the ideal bulk value which is typically
about 5 to about 6 uohm-cm.

Another object of the instant invention is to provide
a method for fabricating W electrodes directly onto
dielectric électric materials which .comprises low
temperature/low preséure CVD process using W(CO), as a
source material. |

A further object of the present invention relates to
MOS and CMOS devices such as FETs which .contain at
least one W gate of the present invention deposited
direct}y onto a gate dielectric material by CVD using
W(CO)G'as the source material.

These as well as other objects are achieved by the
‘present invention by using a low temperature/low
pressure CVD technique with W(CO), as the source
material. Spedifically; the method of the‘present
invention comprises the steps of: (a) depositing a
uniform layer of W directly onto a dielectric material
such as an ultra-thin gate dielectric material, said
dielectric material "being positioned on a
semiconductor substrate, said deposition is carried
out by CVD using W(CO), as the source material under
conditions which are sufficient to form said W layer;
and (b) patterning the structure formed in step (a)
using standard lithographic techniques to form a MOS
device containing said mid—gap workfunction W gate on

said dielectric material. It is emphasized that no



Lt is enphasized that the deposition of Wusing CVD techniques is well
known in the art and it is generally applied as a wiring neans in packagi ng
applications. In those applications, tungsten hexafluoride, W[err], is
typically used as the source nmaterial not WCO[err]. Little attention has
been given to the use of tungsten carbonyls in wiring applications since
relatively high tenperatures are necessary to produce reasonably pure W
films. Md-gap workfunction Wgates using WF[err] CVD chem stry have been
previously disclosed in the prior art. This process, however, differs
fundanentally fromthe present invention, in that W[ err] cannot be used to
deposit Wdirectly onto ultra-thin gate-@d+electric materials. Instead,
thick layers of silicon nmust first be deposited onto the gate dielectric
material in a chem cal activation step, and then the silicon is

chemical activation step is required in the present

invention to deposit the W layer onto the dielectric

material.

The present invention also provides MOS devices such
as FETs which comprise at least one mid-gap
workfunction W gate preparéd in accordance with the
method of the present invention. The devices of the

 present invention exhibit gate leakage comparable to

e prior devices prepared in accordance with existing

technology and they exhibit the theoretical value for
metal-gate workfunction.

The present invention further provides a method of
fabricating W electrodes for use in quantum devices.
In accordance with this embodiment of the present
invention, the W electrode is fabricating by a method
which comprises the steps of: (a) depositing a layer
of W onto a dielectric material, wherein said
deposition is carried out by chemical vapor deposition
(CVD) using W(COS) as a source material; and (b)

- patterning said W layer to form said W electrode on

said dielectric material.
- BRIEF .DES_CRIPTION OF THE DRAWINGS

Fig. 1 is a schmetic diagram of a typical CVD
apparatus which can be used in the present invention
to deposited W directly onto an ultra-thin gate
dielectric material.
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reacted away (to formSiF[err]) leaving Win its stead. Mreover, it has
been determ ned that exposure of even -5 - quite thick oxide films (250
nm to W6 causes, w thout any exceptions, conplete device failure owning
to massive gate dielectric | eakage currents. Ot her techni ques besides CVD
have been enpl oyed, however, none of the prior art processes are capable of
depositing Wdirectly onto ultra-thin gate dielectric materials. Despite
the potential use of tungsten carbonyls in wiring applications there is no
di scl osure of using WCO[err] as the CVD source nmaterial -for providing :
m d- gap wor kfunction Wgates on dielectric materials

-8-

- Figs. 2A and 2B are cross-sectional views of a typical

MOS device prepared in accordance with the method of
the present invention: (A) after W deposition, and
(B) after patterning.

Fig. 3 .is a capacitance-voltage diagram for a W gate
capacitor structure formed in accordance with the
present invention having a thickness of 3.0 nm.

Dotted line ™ --- “as grown; solid line * " after

forming gas anneal (FGa).

Fig. 4 is a capacitance-voltage diagram for a W gate
capacitor structure formed in accordance with the
present invention having a thickness of 7.0 nm.
Dotted line “----" as grown; solid line “——" after
FGA.

Fig. 5 is a current-voltage diagram for a W gate
capacitor structure formed in accordance with the
present invention having a thickness of 3.0 nm.

Dotted line “---” as grown; solid line “—* after FGA.

Fig. 6 is a current-voltage diagram for a W gate
capacitor structure formed in accordance with the
present invention having a thickness of 7.0 nm.
Dotted line “---” as grown; solid line “—* after FGA.



such as ultra-thin gate dielectric materials. SUMVARY OF THE | NVENTI ON One
obj ect of the present invention is to provide a method for fabricating

m d- gap wor kfunction Wgates directly onto gate dielectric materials such
as ultra- thin gate dielectric materials for use in MOS and CMOS
applications wthout the need of any preparatory chem cal activation steps
such as is generally required by nost prior art processes. Another object
of the present invention is to provide a nethod of fabricating m d-gap

wor kf unction Wgates which are conpatible with gate dielectric naterials
such as ultra-thin gate dielectric materials; have a highly purity (greater
than 99.99% and a resistivity ' -9-

DETAILED DESCRIPTION OF THE INVENTION

As stated above, the present invention provides a
method of fabricating mid—gap workfunction W gates or
W electrodes directly onto dielectric materials which
are present on MOS devices without the need of any
chemical activation steps. The mid-gap workfunction W
gates and W electrodes produced in accordance with the
present method are highly pure, compatible with
ultra-thin gate dielectric materials found on MOS
devices and have resistivity values close to the ideal
bulk value.

In accordance with the method of the present
invention, a'layér of W is directly deposited on the
surface of a dielectric material which is on top of a
semiconductor substrate by employing CVD using W(CO),
as the source material under conditions which are
sufficient to form said W layer on the dielectric
material. That structure containing the W layer is
then patterned using conventional techniques well
known to those skilled in the art.

Reference is made to Fig. 1 which shows a typical CVD
ébparatus 10 that can be employed in the present
invention to deposit the W layer. Specifically,
apparatus 10 includes a load-lock stainless steel
reactor 12 which comprises a graphite sample holder
cartridge, not shown in Fig 1, wherein the test MOS
wafer is placed. The reactor 12 further includes a



-6- value close to the ideal bulk value which is typically about 5 to about
& [err]ohmcm Anot her object of the instant invention is to provide a

met hod for fabricating Welectrodes directly onto dielectric electric
materials which conprises |ow tenperature/low pressure CVD process using
WCO [err] as a source material. A further object of the present invention
relates to MOS and CMOS devices such as FETs which contain at |east one W
gate of the present invention deposited directly onto a ¢gate dielectric
material by CVD using W(CO|[err] as the source material. These as well as
ot her objects are achieved by the prese&b I nvention by using a | ow
tenperature/l ow pressure CVD techni que th WCO[err] as the source
material. Specifically, the nethod of the present

heater assembly 18 for heating the sample during
deposition and two ultra-high vacuums 20 and 16 for
controlling the pressure during the deposition.

The source material 14, tungsten hexacarbonyl, W{(CO),,
is introduced into reactor chamber 12 via a stainless
steel valve. 22 and is directed to a test MOS wafer
which is contalned within reactor 12 by tube 24.

Any grade of W(CO), can be used in the present
invention. If a low purity W(CO), grade is used, it
can be purified prior to being introduced into reactor
chamber 12 using purificatibn_techniques well known to
those skilled in the art.

CVD of W(CO), occurs at a temperature of from about
250°C to about 600°C. More preferably, the CVD
deposition of W occurs at a temperature of from about
275°C to about 500°C. The pressure of the reactor
during CVD is from about 1 % 10" Torr to about 3 x 10-*
Torr. More preferably, the CVD of W(CO), occurs at a
pressure of from about 1 x 10™ Torr to about 2 x 107*

Torr.

The CVD process typically is carried out for a time

period of from about 3 minutes to about 4 hrs. Longer -
and shorter deposition times than these specified

above are also contemplated herein.



I nvention conprises the steps of: (a) depositing a uniformlayer of W
*directly onto a dielectric material such as an ultra-thin gate dielectric
material, said dielectric nmaterial being positioned on a sem conduct or
substrate, said deposition is carried out by CV/D using WCO [err] as the
source material under conditions which are sufficient to formsaid WI ayer;
and .(b) patterning the structure fornmed in step (a) using standard

| i t hographi c techniques to forma MOS device containing said md-gap

wor kfunction Wgate on said dielectric material. It is enphasized that no
-7- chemcal activation step is required in the present invention to
deposit the Wlayer onto the dielectric -11-

It is noted that under the above conditions a layer qf
W having a thickness of from about 3.5 to about 200,
more preferably from about 50 to about 100, nm is’
deposited directly onto the dielectric material.

A typical MOS wafer which can be employed in the
present invention is shown in Fig. 2A. Specifically,
the Mos’wafer 48 that may be employed in the present
invention comprises a semiconductor substrate 50
having at least one drain region 52 and at least one
source region 54 embedded therein. The drain and

. source regions may also be located on top of the
semiconductor substrate. On top of semiconductor
substrate 50 is a layer of a dielectric material 56.
A layer of W 58 is formed onto the upper surface of
gate dielectric layer 56 by the CVD technique |

described hereinabove.

The semiconductor substrates 50 that may be employed
in the present include, but are not limited to,

1 . Ce, . WA
silicon, SiGe or 8iAS. Of these semiconductor )
substrates, silicon is most highly preferred. }-

The semiconductor substrates émployed in the present
-invention can be of the p-type or the n-type depending
upon the desired MOS device being manufactured. The
substrates can be manufactured using techhiques well
known to those skilled in the art. The thickness of
the semiconductor substrate is not critical to the

method. of the present invention and thus it may vary
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material. The present invention also provides MOXS devices such as FETs
whi ch conprise at | east one m d-gap workfunction Wgate prepared in
accordance with the nmethod of the present invention. The devices of the
present invention exhibit gate | eakage conparable to prior devices prepared
I n accordance with existing technol ogy and they exhibit the theoretical
val ue for netal -gate workfunction. The present invention further provides a
nmet hod of fabricating Welectrodes for use in quantum devices. In
accordance with this enbodi nrent of the present invention, the Wel ectrode
is fabricating by a method which conpriqses the steps of: (a) depositing a
| ayer of Wonto a dielectric material, wherein said deposition is carried
out by chem cal vapor deposition (CVD) using WC(O err]) as a source
material; and (b)

‘ from one thickness to another depending upon the

desired device being fabricated.

The ultra-thin dielectridé materials employed in the
present invention include, but are not limited to,
8i0,, nitrided 8i0,, Si,N,, metal oxides and mixtures or
- combinations thereof. The dielectrics employed in the
present invention may be grown, deposited or reacted
by using techniques well known to those skilled in the
art. Of the gate dielectric materials mentioned
hereinabove, SiO, or lightly nitrided sio, (5% or less
total nitride content) is highiy preferred at present.

In another highly preferred embodiment of the presené
invention, ultra thin gate dielectric materials are
employed. The term “ultra-thin” as used herein
denotes a gate dielectric material as defined above
which has a total thickness such that when it is
incorporated into a device and operated under normal
conditions the bulk of its gate leakage current is a
result of direct tunneling. Specifically, for SioO,
this corresponds to a thickness of less than about 4.0
nm. More specifically, the term “ultfa—thin” denotes
a gaﬁe dielectric material which has a thickness of
less than about 3.0 nm.

After depositing W layer 58,-the MOS wafer shown in
Fig 2A is patterned using standard lithographic
techniques well known to those skilled in this art.
This includes, but not limited to, positioning
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patterning said Wlayer to formsaid Welectrode on said dielectric

mat erial . BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1 is a schnetic di agram of
a typical CVD apparatus which can be used in the present invention to
deposited Wdirectly onto an ultra-thin gate dielectric material. - -8-
Figs. 2A and 2B are cross-sectional views of a typical MOS device prepared
in accordance with the nethod of the present invention: (A) after W
deposition, and (B) after patterning. Fig. 3 is a capacitance-voltage
diagramfor a Wgate capacitor structure formed in accordance with the

-13-

photoresists on the surface of the CVD W layer;
developihg the photoresists and removing, via etching
techniques, those'areas that do not contain the _
photoresists. The final structure 60 formed after
patterning is shown in Fig.2B.

Etching may be carried out using wet or dry teéhniques
well known to those skilled in the art. When wet
etching is employed, the chemical etchant is selected
from the group consisting of Hgoz, chromic acid,
phosphoric acid, acetic acid, and the like- thereof.
The preferred chemical etchant emplofed in the present
invention is H,0,. Mixtures of the,cpemiCal etchants
alone or with water are also contemplated herein..

When dry chemical etching is employed in the present
invention, it may be carried out by reactive ion
etching (RIE), ion beam etching (IBE) or laser
ablation. Each of the aforementioned dry etching
techniques are well known to those skilled in the art.

The present invention also relates to MOS devices
which contain at least one mid-gap workfunction W gate
on an ultra-thin gate dielectric material fabricated
by the method of the present invention in its
structure. A simplified MOS device containing one
‘mid-gap W gate prepared in accordance with the method
of the present invention is shown in Fig 2B. Devices
contain two or more W gates, such as dual gate MOS

devices, are also contemplated herein.



present invention having a thickness of 3.0 nm Dotted line " --- "as
‘grown; solid line "-" after formng gas anneal (FG). Fig. 4 is a

capaci tance-vol tage diagramfor a Wgate capacitor structure formed in
accordance with the present invention having a thickness of 7.0 nm Dotted
line "----" as grown; solid line "-" -after FGA. Fig. 5is a
current-voltage diagramfor a Wgate capacitor structure fornmed in
accordance with the present invention having a thickness of 3.0 nm Dotted
line "---" as grown; solid line "-" after FGA. Fig. 6 is a current-voltage
di agram for a Wgate capacitor structure formed in accordance wth the
present invention having a thickness of %70 nm Dotted line "---" as gr own;
solid line "-" after FGA ' '

Other MOS devices such as field effect transistors
(FETs), simple capacitor structures, field emission
devices and quantum devices are also contemplated
herein. Common to all those structures is that they
contain at least one mid-gap workfunction W gate or W
electrode which is fabricated in accordance with the
method of the present invention directly onto a
dielectric material. '

The following example is given to illustrate the scope
of the present invention. Because this example is
given for illustrative:purposés only, the invention
embodied therein should not be limited thereto.
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-9- DETAI LED DESCRI PTI ON OF THE | NVENTI ON As stated above, the present

I nvention provides a method of fabricating md-gap workfunction Wgates or

Wel ectrodes directly onto dielectric materials which are present on MOS
devices without the need of any chemical activation steps. The m d-gap
wor kf unction Wgates and Wel ectrodes produced in accordance with the

present nethod are highly pure,

mat er i
i deal
| ayer

al s found on MOS devices and have resistivity values close to the

bul k val ue.

I n accordance with the nmethod of the present i.nvention,

of Wis directly deposited on the surface of a dielectric materi al
which is on top of a -15-

EXAMPLE 1

Test structures were fabricated using thermally grown
silicon dioxide thin films ranging in thickness from

2.8 - 7.0 nm to form MOS capacitors. Individual
capacitors were isolated using a 100 nm thermally
grown field oxide. Films were grown on both p-type
and n-type wafers with resistivities of about 0.1 to
0.2 ohm-cm.: '

Tungsten films were deposited on the test wafers in

blanket fashion. Specifically, W deposition was

carried out in a load-locked, stainless steel reactor

with a base pressure of about 10 torr. Tungsten.

hexacarbonyl, W(CO),, was used as the source gas and

it was emitted into the reactor via a stainless steel

valve and directed onto the 'sample via a copper tube.

The samples were introduced on a graphite sample

holder cartridge which in turn was introduced into a

heater-assembly located within the reactor chamber.

The deposition was conducted at a temperature of about

500°C.

The growth rate in the system was typically

about 1.5 nm/minute and was roughly temperature

independent, indicative of a transport limited growth

regime.

After deposition of the W films, devices were

patterned using standard lithographic techniques. The

tungsten film on each device was wet-etched using H,0,.

conpatible with ultra-thin gate dielectric

a
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sem conductor substrate by enploying CVD using WCO[err] as the source
mat eri al under conditions which are sufficient to formsaid Wlayer on the
dielectric material. That structure containing the Wlayer is then
patterned using conventional techniques well known to those skilled in the
art. Reference is made to Fig. 1 which shows a typical CVD apparatus 10
that can be enployed in the present invention to deposit the Wl ayer.
Specifically, apparatus 10 includes a | oad-1ock stainless steel reactor 12
whi ch conprises a graphite sanple holder cartridge, not shown in Fig 1,
wherein the test MOS wafer is placed. Tge reactor 12 further includes a
-10- - :

Cépacitor structures were thus formed with areas
ranging from about:107¢ to about 1072 cm?.

The capacitor prepared above were tested using high
frequency and quasi-static capacitance-voltage (C-V)
and current-voltage techniques. Figures 3 and 4 show
typical C-V data for W gate capacitors structures
formed with W gate oxides having a thickness of about
3.0 and 7.0 nm capacitor. Data is shown for devices
containing both p-type and n-type silicon wafers. The
dotted and solid lines show the C-V data before and
after a standard post metal gate deposition forming
gas anneal (FGA) step which is carried out in 10% H,
in nitrogen at 450°C for about 30 minutes. Figures 5
and 6 show the C-V characteristics for the as
processed and FGA structures, respectively.

Analysis of the C-V data show interface state
densities in the low 10 cm? ev! for samples
subjected to FGA. 'The flat band voltage is
approximately 0.3 and -0.3 Volts for n-type and p-type
substrates, respectively. This, in itself,
demonstrate that the Fermi-level of the metal gate is
situated very close to silicon mid-gap. This is also
demonstrated by the symmetry of the C-V curves about
the y-axis in Figs. 3 and 4. Since the substrates are
of approximately the same doping concentration for
both the n-type and p-type substrates, one would
expect a mid-gap metal workfunction gate to show

complete symmetry about the voltage axis.
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heater assenbly 18 for heating the sanple during deposition and two

ul tra-high vacuuns 20 and 16 for controlling the pressure during the
deposition. The source material 14, tungsten hexacarbonyl, WCO/[err], is

i ntroduced into reactor chanmber 12 via a stainless steel valve 22 and is
directed to a test MOS wafer which is contained within reactor 12 by tube
24. Any grade of WCO[err] can be used in the present invention. If a |ow
purity WCO [err] grade is used, it can be purified prior to being

i ntroduced into reactor chanber 12 using purification techniques well known
to those skilled in the art. CVD of VVC;@ err] occurs at a tenperature of
fromabout 250[err]C to about 600[err]C~ 'More preferably, the CVD
deposition of Woccurs at a tenperature of from about 275[err]C to about
500[err] C.- The pressure of the reactor durlng CVWDis fron1about 1 x 10[err]

Torr to aboutCcured®{®6ltage data from the ‘aforementioned
capa01tors structures, as shown in Figures 5 and 6,
show leakage currents which are consistent with the
relative Fermi-level of the tungsten gate and the
silicon substrate.

These data demonstrate that the tungsten gate
capacitors have leakage currents as low as those
exhibited by standard polysilicon based capacitors as
shown in Fig. 5. (In order to make a valid
comparison, leakage currents were compared as a
function of the true gate dielectric voltage drop,
Vox=Vgate~Vps) . Note that this result was obtained for.
not only for the thick, 7.0 nm gate dielectric, but
also for the ultra-thin 3.0 nm dielectric film.
Previous attempts by other workers to make tungsten
gates (by other techniques) were not able to achieve
this requirement even for films in the 7.0 nm thick

regime.

While this invention has been particulérly shown and
described with réépect to preferred embodiments
thereof, it will be understood by those skilled in the
art that the foregoing and other changes in form and
details may be made therein without departing from the

spirit and scobe of the invention.
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Torr. More preferably, the C/D of WCO 6 occurs at a pressure of from
About 1 x 10[err] Torr to about 2 x 10[err] Torr. The CVD process typically
is carried out for a time period of fromabout 3 mnutes to about 4 hrs.
Longer and shorter deposition times than these specified above are al so
contenpl at ed herein. It is noted that under the above conditions a |ayer
of Whaving a thickness of fromabout 3.5 to about 200, nore preferably
from about 50 to about 100, nmis deposited directly onto the dielectric
material. A typical MOS wafer which can be enployed in the present
invention is shown in Fig. 2A. Specifically, the MOS wafer 48 that may be
enpl oyed in the present -18-~

CLAIMS

Having thus described our invention, what we

claim as new, and desire to secure by Letters Patent
is:

1. A method of fabricating a mid-gap workfunction
tungsten (W) gate for use in metal oxide semiconductor
(MOS) applications, said method comprises

(a) depositing allayer of W onto a Qate dielectric
material, said gate dielectric'material being
positioned on a semiconductor substrate, wherein said
deposition is carried out by chemical vapor deposition
(CVD) using W(CO), as a source material; and

(b) patterning the structure formed in step (a) using
lithographic techniques to form a MOS device
containing said mid-gap workfunction W gate on said

dielectric material.

2. The method of Claim 1 wherein said gate dielectric
material is an ultra-thin gate dielectric material

having a thickness of less than about 4.0 nm.

3. The method of Claim 2 wherein said ultra-thin gate
dielectric material has a thickness of less than about

3 nm.

A



i nvention conprises a sem conductor substrate 50 having at |east one drain
region 52 and at | east one source region 54 enbedded therein. The drain and
source regions may al so be | ocated on top of the sem conductor substrate.
On top of sem conductor substrate 50 is a layer of a dielectric materi al

56. A layer of W58 is fornmed onto the upper surface of gate dielectric

| ayer 56 by the CVD techni que descri bed herei nabove. The sem conduct or
substrates 50 that may be enployed in the present include, but are not
limted to, silicon, SiGe or [err]. O these sem conductor substrates,
silicon i.s nost highly preferred. The serg conductor substrates enployed in
the present invention can be of the p-type or the n-type dependi ng upon the
desired MOS devi ce bei ng manufactured. The substrates can be manufactured
usi ng techni ques wel | '

4. The method of Claim 3 wherein said ultra-thin gate
dielectric material is selected from the group
congisting of S8i0,, nitrided sio,, SiJL, metal oxides
and, mixtures thereof. '

5. The method of Claim 4 wherein said ultra-thin gate
dielectric material is SiO,.

6. The method of Claim 1 wherein said semiconductor
substrate contains at least one source and at..least
one drain region.

7. The method of Claim 6 wherein said semiconductor
substrate is of the p-type or of the n-type.

8. The method of Claim 7 wherein said semiconductor

subg}rate is a strate composed of silicon, SiGe or
Ca s
—SiFesr, FfQUA_/gagyk@z%

9. The method of Claim 8 wherein said semiconductor

sample is composed of silicon.

10. The method of Claim 1 wherein said CVD step is
carried out at a temperature of from about 250°C to
about 500°C.

11. The method of Claim 10 wherein said CVD step is
carried out at a temperature of from about 275°C to
about 600°C. '

LTI



known to those skilled in the art. The thickness of the sem conductor
substrate is not critical to the nethod of the present invention and thus
it may vary -12- fromone thickness to another dependi ng upon the
desired device being fabricated. The ultra-thin dielectrics materials
enployed in the present invention include, but are not limted to, Si Q2
nitrided Sierr], Si3N4, netal oxides and n1xture§msmmﬂmﬁbmaﬁke

thereof. The dielectrics enployed in the present i gromm
deposited or reacted by using techni ques well knomn ed in the
art. O the gate dielectric materials ngntioned herelna ove

lightly nitrided Sierr] (5% or |ess

12. The method of €laim 1 wherein said CVD step is
carried out at a pressure of about 1 x 10°° Torr to
‘about 3 x 10™* Torr. |

13. The method of Claim 12 wherein said CVD step is
carried out at a pressure of about 1 x 10 Torr to
about 2 x 10™ Torr.

14. The method of Claim 1 wherein said CVD step
results in said W layer having a thickness of from
about 3.5 nm to about 200 nm.

15. The method of Claim 14 wherein said W thickness
is from about 50 nm to about 100 nm.

16. The method of Claim 1 wherein said patterning
step comprises positioning at least one photoresist on
a predetermined area of said W layer; developing said
photoresist; and etching areas of said W layer not

containing said photoresist.

17. The methéd of Claim 16 wherein said-etching step
comprises wet etching or dry etching.

18. The method of Claim 17 wherein said wet etching
is conducted using a chemical etchant selected from
the group consisting of H,0,, phosphoric acid, chromic

acid, nitric acid, and mixtures thereof.

THIS SHEET HAS BEEN
| REPLACED
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total nitride content) is highly preferred at present. In another highly
preferred enbodi mnent of the present invention, ultra thin gate dielectric
materials are enployed. The term"ultra-thin" as used herein denotes a gate
dielectric material as defined above which has a total thickness such that
when it is incorporated into a device and operated under nornal conditions
the bulk of its gate |eakage current is a result 1qfg .ﬁ&%a& gl ng.

Specifically, for SiJerr] this corresponds to at ss t han
about 4.0 nm More specifically, the term™"ultra-t gate
dielectric material which has a thicknegg_of |ess nm After

. depositing Wl ayer 58, the MOS wafer shown in Fig 2A is patterned usi ng
- standard |ithographic techniques well known to those skilled in this art.
. This includes, but not limted to, positioning

' 19.  The method of Claim 18 wherein said chemical

etchant is H,0,.

20. The method of Claim 17 wherein said dry etching
includes Reactive Ion Etching (RIE), Ion Beaming
Etching (IBE) and Laser Ablation.

21. The method of Claim 1 further comprising
providing a MOS wafer, gaid wafer containing a p-type
or n-type semiconductor substrate having at least one
source and drain region therein and an a dielectric
material positioned on said substrate. '

22. A method of fabricating a tungsten (W) electrode '
comprising the steps of: '

(a) depositing a layer of W onto a dielectric
material, wherein said depositing step comprises
chemical vapor deposition using W(CO), as a source
material; and

(b) patterning said W layer to form said W electrode

on said dielectric material.

23. A MOS device comprising at least one mid-gap
workfunction W gate on a gate dielectric material,
wherein said mid-gap W gate is formed by the method of
Claim 1. '

THIS SHEET HAS BEEN.
REPLACED |
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-13- photoresists on the surface of the C/D WI ayer; devel oping the _
Phot oresi sts and renoving, via etching techniques, those areas that do not
contain the photoresists. The final structure 60 forned after patterning is
shown in Fig.2B. Etching may be carried out using wet or dry techni ques
wel | known to those skilled in the art. When wet etching is enployed, the
chem cal etchant is selected fromthe group consisting of Herr](Jerr],
chrom ¢ acid, phosphoric acid, acetic acid, and the |ike-thereof. The
preferred chem cal etchant enployed in the present invention is
Herr]Jerr]. Mxtures of the chenical_g&ghants alone or with water are

al so contenpl ated herein. - '

24. The MOS device of Claim 23 wherein said gate
dielectric maperial is an ultra-thin gate dielectric
material having a thickness less than 4.0 nm.

25. A field effect transistors (FET) comprising at
least one mid-gap workfunction W gate on a gate
dielectric'material, wherein said mid-gap W gate is
formed by the method of Claim 1.

26. The FET of Claim 25 wherein said gate dielectric
material is an ultra-thin gate dielectric material
having a thickness of less than 4.0 nm. °

| ) O



Wen dry chemical etching is enployed in the present invention, it may be
‘carried out by reactive ion etching (RIE), ion beametching (I1BE) or |aser
abl ati on. Each of the aforenentioned dry etching techniques are well known
to those skilled in the art. The present invention also relates to MOS
devi ces which contain at |east one m d-gap workfunction Wgate on an
ultra-thin gate dielectric material fabmgcated by the nethod of the present
invention_in its structure. A sinplified MOS device .contai ning one m d-gap

Wgate pr EABRICATIQN QF MIR-6AR MEEAk GATES € OMPATIBLEKEFH ULTBALTHIN s

shown in Fig 2B. Devices contain twy _or_nore Wgates, such as dual gate MOS
devi ces, are al so contenpl ated her PHELECTRICS ‘

ABSTRACT _

A method of fabricating a mid-gap workfunction tungsten gate or W electrode
(58) directly onto a gate dielectric material (56) for use in high speed/high density
advanced MOS and CMOS devices is provided which utilizes- low temperature/low
pressure CVD of a tungsten carbonyl. MOS and CMOS devices containing one or more
of the CVD W gates or W electrodes manufactured by the present invention are also
pnwkbdhmzhL

Fig. 2B



-14fftxher NCS devices such as field effect transistors (FETs), sinple
cepacitor structures, field em ssion devices and quantum devices are also
.contenpl ated herein. Common to all those structures is that they contain at
" | east one md-gap workfunction Wgate or Wel ectrode which is fabricated in
accordance wth the nmethod of the present invention directly onto a
dielectric material. The follow ng exanple is given to illustrate the scope
of the present invention. Because this exanple is gi ven—fer—Hustrative
pur poses only, the invention enbodi ed therein should not be I|n1ted

t her et o. -15- - : Sheet Has Been Repla
Sheet 1 of & IIllll e
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FIG.|
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EXAMPLE 1 Test structures were fabricated using thermally grown silicon
dioxide thin films ranging in thickness from2.8 - 7.0 hmto form MOS
capacitors. Individual capacitors were isolated using a 100 nmthermally
grown field oxide. Filnms were grown on both p-type and n-type wafers—wth—
resistivities of about 0.1 to 0.2 ohmcm Tungsten filns mere de 05|ted on
the test wafers in blanket fashion. Specifically, VVdepos

‘out in a |load-locked, stainless steel reactor with a base

10[err] torr. Tungsten hexacarbonyl, WCO[err], was used

and it was emtted into the reactor ®heea 2t aifnlbess st eel valve and
directed onto the sanple via a copper tube. The sanples were introduced on
a graphite sanple holder cartridge which in turn was introduced into a

022727777
52—\ \\\\\\__/}- 54
| o FIG.2 A
52\ -///////56 );
NN\\N) . —w/

i THIS SHEET HAS: BEEN
FIG.2 B REPLAGEB »




heater assenbly |located within the reactor chanber. The deposition was
conducted at a tenperature of about 500[err]C. The growth rate in the -
system was typically about ‘1.5 nm minute and was roughly tenperature

i ndependent, indicative of a transport limted gromh regine. After
deposition of the Wfilns, devices were patterned using standard

| i t hographi c techni ques. The tungsten fil mon each device was wet-etched
using Herr](err]. -16- Capacitor structures were thus formed with
areas ranging fromabout 10[err] to about 10[err] cnferr]. The capaci tor
prepar-ed above were tested using high-frequency and guasi t as Been Replaced
capaci tance-voltage (GV) Sheet 3 of & l "' II II'
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and current-vol tage techniques. Figures 3 and 4 show typical CV data for W
gate -capacitors structures fornmed wwth Wgate oxides having a thickness of
about 3.0 and 7.0 nmcapacitor. Data is shown for devices containing both
p-type and n-type silicon wafers. The dotted and solid |ines showthe GV
data before and after. a standard post netal gate deposition form ng gas
anneal (FGA) step which is carried out in 10% Herr] in nitrogen at

450[ err] C for about 30 mnutes. Figures 5 and 6 show the GV
characteristics for the as processed; RGA¢Stg uct ures, respecti ver

Anal ysis of the GV data show interface_state densittes--i

cnferr] evferr for sanples subjected to FGA. The flat ba
approximately 0.3 and -0.3 Volts for n-type and p-type su
respectively. This, initself, denonstrate that the Ferm -

netal gate is

.voltage is
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situated very close to silicon md-gap. This is also denonstrated by the
symmetry of the CV curves about the y-axis in Figs. 3 and 4. Since the
substrates are of approxinmately the sane dopi ng concentration for both the
n-type and p-type substrates, one would expect a m d-gap netal workfunction
gate to show conplete symmetry about the voltage axis. Current-vol t age
data fromthe aforenentioned capacitors structures, as shown in Figures 5
and 6, show | eakage currents which are consistent with the relative
Ferni-level of the tungsten gate andlef& 8ibfc6n subst+ate—Fhese data
denonstrate that the tungsten gate capacitors have Ieakﬁg%mgg &ﬁ&%&R$®mhow
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exhibited by standard pol ysili con based capacitors as shown in Fig. 5. (In

ofder to nake a valid conparison, |eakage currents were conpared as a
function of the true gate dielectric voltage drop, V[err]=V[err]-V[err]).
Note that this result was obtained for not only for the thick, 7.0 nmgate
dielectric, but also for the ultra-thin 3.0 nmdielectric film Previous
attenpts by other workers to nmake tungsten gates (by other techniques) were
not able to achieve this requirenment even for films-in the 7.0 nmthick

regine. Wihile this invention has ?ﬁen part Iarly shown —and UEbLIIUEG with
E?éog

respect to preferred enbodi nents °it wi-l | be underfh ﬁiTe

skilled in the art that the foregoing and other changes in
may be nmade therein without departing fromthe spirit and s%

i nventi on.
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-18:-GLAI M5 Having thus described our invent 5?3 ?t
desire to secure by Letters Patent is: 1. E%DEbd of

'“%

wor kfunction tungsten (W gate for use in netal oxide s dmiREPLAGEMENT snm)

- applications, said nethod conprises (a) depositing a | ayer
“dielectric materlal said gate dielectric material bein
sem conduct or subst rat e, wherein said deposition is carr}

vapor deposition (CVD) using WCO|[err] as a source natgrik

patterning the structure formed in step (a) using

cI ai mas new, and
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| i thographic techniques to forma MOS device containing safd.nid-gap

wor kf unction Wgate on said dielectric material. 2. The WLR@EA@W §Hé{7

. wherein said gate dielectric material is an ultra-thin gatfe —eGtbd

~ material having a thickness of |ess than about 4.0 nm 3. e net hod of
Claim2 wherein said ultra-thin gate dielectric material Ha HFER 1998 ¢f
| ess than about 3 nm -19- 4. The nethod of O aim 3 whdrdin_said

ultra-thin gate dielectric material is selected fromthe group consistin
of Sigerr], nitrided Sierr], Si[err]Nerr], nmetal oxi dés—ardmxiures
t her eof . - N 2/6 -
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5. The nethod of Caim4 wherein said ultra-thin gate dielectric material
i's SiJerr]. 6. The method of Caim1l wherein said sem condfiC
contains at |east one source and at |east one drain region.

n-type. 8. The nethod of Caim7 wherein said seniconduct
substrate conposed of silicon, SiGe or 9. The nethod of d

sai d sem conductor sanple is conmposed of silicon. 10. The
wherein said C/D step is carried out at a tenperature of f

250[ err] C to about 500[err]C. 11. -The nethod of C aim 10 wherei n sara—tvB
. Step is carried out at a tenperature ofg/grom about 275[err] C to about

600[ err] C
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REPLACEMENT SHEET 20 12. The nmethod of Caim1l wherein said CVD step is

carried out at a pressure of about 1 x 10[err] Torr to aboutrSex~—LlOl.oLL]
Torr. 13. The method of Caim 12 wherein said CVD step is ¢ rREHd\OEMENatSMEET
pressure of about 1 x 10[err] Torr to about 2 x 10[err] Tor .im The

method of Caim2l1 wherein said C/D step results in said WI ﬁagﬁm
wherein said Wthickness is fromabout 50 nmto about 100 n

t hi ckness of from about 3.5 nmto about 200 nm 15. The net ko
14 The K,
met hod of Claim1l1 wherein said patter n-izgg step conprises: p¢sitioning at j

| east one photoresi st on an area of saii®Wl ayer; devel opi ng—sard
phot oresi st; and etching areas of said Wl ayer not containing said

phot or esi st .
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17. The nmethod of Claim 16 wherein said etching step conprises wet etching

or dry etching. 18. The nethod of Oaim 17 wherein said wet etching is
conducted using a chem cal etchant selected fromthe group congretsag.Qf

H202, phosphoric acid, chromic acid, nitric acid, and m xtures tmugm SHEE‘T
21 19. The method of Cl aim 18 wherein said chemcal etchant ig [ .
Herr]derr]. 20. The nethod of Caim1l7 wherein. said dry etchi g 'Qcﬂ,éjﬂ]des
Reactive lon Etching (RIE), lon Beam ng Etching (I BE) and Lasgr ti&h 1998
21. The nethod of claim 1l wherein said s&f conductor substrat¢ &s-a.p-tvpe
or n-type seniconductor substrate of.a MOS wafer, said MOS: er having at
| east one source and drain region therein. 22. A nethod of fa t
tungsten (W electrode conprising the steps of: (a) depositing a | ayer of W
onto a dielectric material, wherein said depositing step
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conpri.ses chem cal vapor deposition using WCO 6 as a source nmaterial; and
(b) patterning said Wlayer to formsaid Welectrode on said djelectric

material. 23. A MOS device conprising at | east one mid-gap worfkf : ey
gate on a gate dielectric material, wherein said md-gap W gat e@%(’:\m SHEET

by the nethod of O aim1l. -22- 24. The MOS device of Caimj23 wherein
said gate dielectric material is an ultra-thin gate dielectri tGe9iFéEB1998
having a thickness less than 4.0 nm 25. A field effect transijstors (FET)
conprising at |east one md-gap workfunction Wgate on a gatejdielectric |
material, wherein said nid-gap Wgate i®6forned by the nethodlefGlaim 1, _1
26. The FET of Claim25 wherein said gate dielectric material is an

ultra-thin gate dielectric materi al '
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having a thickness of less than 4.0 nm

04 JAN 1999

20

12. The method of Claim 1 wheréin said CVD step is carried out at a pressure of about
1 x 106 Torr to about 3 x 104 Torr. )
13. The method of Claim 12 wherein said CVD sfep is carried out at a pressure of

about 1 x 104 Torr to about 2 x 104 Torr.

14. The method of Claim 1 wherein said CVD step results in said W layer having a
‘thickness of from about 3.5 nm to about 200 nm.

. 15. The method of Claim' 14 wherein said W thickness is from about 50 nm to about
100 nm.

16. The method of Claim 1 wherein said patterning step comprises:
| positioning at least one photoresist on an area of said W layer; developing said
photoresist; and

etching areas of said W layer not containing said photoresist.

17. The method of Claim 16 wherein said etching step comprises wet etching or dry
etching.

18. The method of Claim 17 wherein said wet etching is conducted using a chemical
etchant selected from the group consisting of H;0,, phosphoric acid, chromic acid, nitric

acid, and mixtures thereof.
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19. The method of Claim 18 wherein said chemical etchant is Hy0,.

20. The method of Claim 17 wherein said dry etching includes Reactive Ion Etching
(RIE), Ion Beaming Etching (IBE) and Laser Ablation.

21. The method of claim 1 wherein said semiconductor substrate is a p-type or n-type
semiconductor substrate of a MOS wafer, said MOS wafer having at least one source and

drain region therein.

22. A method of fabricating a tungsten (W) electrode comprising the steps of:
(@) depositing a layer of W bnto a dielectric material, wherein said depositing step
comprises chemical vapor deposition using W(CO)g as a source material; and

(b) patterning said W layer to form said W electrode on said dielectric material.

23. A MOS device comprising at least one mid-gap workfunction W gate on a gate

dielectric material, wherein said mid-gap W gate is formed by the method of Claim 1.
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