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PVD-IMP TUNGSTEN AND TUNGSTEN NITRIDE AS A LINER, BARRIER,
AND/OR SEED LAYER FOR TUNGSTEN, ALLUMINUM AND COPPER
APPLICATIONS

BACKGROUND OF THE INVENTION

The present invention relates to'gn apparatus and method for depositing tungsten layers
on substrates. Specifically, the invention relates to a method and apparatus for depositing
tungsten-containing materials as a liner, barrier, and/or seed layer,

Background of the Related Art -

Sub-~quarter micron multilevel metallization represents one of the key technologies for
the next generation of ultra Jarge scale integration (ULSI) for integrated circuits (IC). Reliable
formation of multilevel interconnect features, including contacts, vias, lines, and trenches is
very importaut to the success of l_jLSI and to the continued effort to increase circuit density on_
. individual substrates and die. As circuit densities increase, the widths of vias, contacts and
other features decrease to 0.25 pm or less, whereas the thicknesses of the dielectric layers
remains substantielly constant, thereby increasing the aspect ratios for the features, i.e., their
height divided by width. Many traditions] deposition processes have difficulty filling
structures where the aspest ratio exceeds 3:1, and particularly where the aspect ratio
approaches 10:1. .

Traditionally aluminum has been used to form condustive features of IC's, such as
lines, trenches and vias in sericonductor processing. Copper is now. being accepted as a
oox_aducﬁve material to be used in IC's bevause of 2 lower Tesistivity. However, copper presents
its own difficulties in processing. For instance, copper readily diffuses into adjacent !ajms
absent a banrier Iayer. Copper also readily oxidizes whs;.n exposed to ambient conditions, thereby
increasing the resistance of the copper feature and reducing the reliability of the overall cireuit,
Tungsten provides an alternative to aluminum and copper for viss, plugs, contacts, lines, trenches
and other features. Tungsten bas conventionally been used a5 a conductor at the first level of
metal intercopnects (M1 level). Although tungsten has a higher electrical resistivity (10 O-cm)
than aluminum and copper (3.1 pC-em and 1.7 uQ-cm, respectively), tumgsten demonstrates
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fine-line pattemnability, suitable for the spoaller features of the ULSI circuitry. Fine-line
pattemability refers to the characteristic of a matenal 1o be patterned and etched consxstmﬁy and
with straight sidewalls, Tungsten also provides excellent step coverage within features,

However, each metallization scheme typically requires & liner layer and/or a barrier
layer to be deposited in a feature formed within the diclectric material before depositing the
aluminum, copper or tungsten conductor. The liner layer provides good adhesion to the
wnderlying material and the barrier layer prevents diffusion of the metal into adjacent materials.

_ Additiopally, the bawrier layer prevents unwanted reactions betwesn underlying meterials. Liner
and/or bamrier layers are typically made of materials guch as titanium (Ti), titanivm nitride
(TiN), tantalum (T2), tantalum nitride (TaN) and other refractory metals and their nitrated
counterparts. A thin layer of the liner/bamrier layer material is preferably deposited
conformally over the surface of the substrate including within 2 feature on both the sidewalls -
and the bottom of the feature. One problem with conventional liner and barrier layers is that
they have a higher resistance than the metal which forms the feature. As a vesult, the overall,
resistance of the feature is increased. For example, Ti has a resistance of about 40 pQ-cm and
TiN has ® resistace of about 300 HQ2-cm to about 400 p-cm. Ta has a typical resistance of
about 160 pQ-cm and TaN has a typical resistance of about 240 uQ-cma. Thus, the barrier/liner
materials exhibit a resistance of which is at least about five times that of conventional
‘conductive materials.

Additionally, tungsten is typically deposited on a substrate using a chemical vapor
deposition (CVD) process. The typical CVD process uses hydrogen and tungsten hexafivoride
(WF) a5 reactive gases for depositing tungstea, known as a hydrogen reduction process. The
reastion of hydrogen with WF, causes deposition of tungsten on the substrate 2, yields good step
coverage, and is belioved to have remaining byproducts of fluorine gases and hydrofluoric acid
(HF). However, the hydrogen reduction process i relatively slow without an initial sced layer of
tungsten, and therefore another reduction process using silane with ‘W, is used to deposit an
initial seed layer. The silane reduction process for depositing tungsten using a CVD process
reacts silane with WF; and yiclds tungsten end other byproducts. Some evidence suggests the
byproduets could be SiHF,, HF, and/or §iF,. The silane reduction process provides a higher
injtial deposition rate than the hydrogen reduction reaction. Hydrogen reduction deposition is
typically faster once the seed layer has been established. Therefore, CVD of tungsten typically is
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carried out as a two-step process wherein silane reduction is used to deposit a tungsten seed layer

and then the hydrogen reduction process is used to coxaplete the deposition. .
Figure 1 is a schematic view of a structure 2 formed on a substrate depicting c?xallengw '

associated with CVD of tungsten. The substrate 2 includes the underlying wafer 10, doped

' region 11 and pattemed dielectric layer 12. A liner layer 16 of Ti is deposited over the dielectric |

layer 12 typically by a physical vapor deposition (PVD) followed by a barrier layer 18 of TiN. |
The TiN barmier Jayer 18 also acts as a wetting layer for a-subsequent deposition such as
aluminum or alumimum alloys. The T layer is used as a liner layer and the TN isused as 2
barrier layer to protect the underlying Ti and Si in the silicon oxide dielectric matedal. As aspect
ratios of features increase, it is becoming moré-.diﬁcm to engure conformal coverage of the
sidewalls and bottom of a feature 14, especially at the lower comers 22 between the sidewalls
142 and the bottom 14b. As a rosult, those areas are susceptible to chemical attack by the CVD
w yrect&sor gases used, such as WF, or byproducts.

WF; and/or byproducts that can diffuse through the TiN layer and react with the
underlying Ti layer 16 and forma defects in the various leyers, known in the field 28 "wormholes"
and "volcanoes”. Wormholes 24, 26, and 28 are tunnels formed by the encroachment -and
tunneling under an oxide layer in the wafer 10, which can extend several tenths of a micron..
Wormbholes, such as wonmhole 26, are typically void of material except for 2 tungsten particle 30
deposited at their ends, | |

The WF, and/or byproducts can also diffise through the TiN layer 18 to react with the T§
in the underlying Ti layer 16 and form a volcano 32. The xeaction reduces adhesion between Tin
layer 18 and Ti layer 16 in the area where the reaction of Ti and WE, ocowrs. The TiN layer 18
delawnahsasamultofagrowﬁaofmgsbenbetweentheTxdeiNlayersorby&e '
production of TiF, gas or TiF, as 2 low density solid, thus forming the voloano 32. When the |
conductor layer 34 of tungsten is deposited en the TiN surface 18, & "mound" 36 forms over the

volcano 32. The mound 36 adversely affects surface planaxization, can cause short cirenits in. the

metallization layer of the IC, and, thus, is unacceptable for mmltilevel metallization of ULSI

Efforts in the field have focused on processing techniques to enhance the effoctiveness
of TiN as a liner/barrier in tungsten deposition to avoid the reaction of tungsten with T4 and to |
produce a reliable structure using tungsten. Some efforts have studied =n increased TIN layér

_—_
. This Sheet Has Been R,

i



thickness. However, simply increasing the TiN Iayer thickness is not a solution. As explained in
at least one article, "TiN Barrier Integrity And Volcano Formation In W-Plug Agplicaﬁons", S.
Parikh, et &1, Thin Solid Films 320, p. 26-30, Elsevier Science S.A. (1998), incorporated herein by
reference, a thicker layer of TiN reduces the mumber of volcano occurrences, but increases the
circuit resistance an.d produces larger volcanoes when the volcanoes do occur. Another article,
"Failure of Titanium Nitride Diffusion Barriers During Tungsten Chemical Vapor Deposition:

Theary and Practice”, M. Rutten, et &l,, Conférence Proceedings ULSI-VII, Materials Research
Soclety (1992), also incorporated herein by reference, notes similar challenges and states that
reactive- sputtering of TiIN can climinate the barrier attack, but yield an undesirably high
resistance for comtacts and viss. The article s;ggests cxeatiog a "bi-layer” deposition of Ti,
followed by the introduction of nitrogen with Ti to produce a TN layer over the Ti layer,
followed by annealing with nitrogen to "stuff".any exposed Ti and promote better resistance to
WF attack. Another article, entitled “Integrated Barrier/Plug Fill Schemes for High Aspect Ratio
Gb DRAM Contact Metallization", Yu-Pei Chen, et al, Thin Solid Films 320, p. 73-76 Elsevier
Science S.A. (1998), incorporated herein by reference, concludes that for tungsten plug contacts,
2 CVD Ti kiner layer with a PECVD (plasma enhanced CVD) TiN barrier Jayer, and an IMP T§
liner layer with an ECVD (plasma enhanced metal organic CVD) TiN barrier layer show better
contact infegrity compared to a collimated PVD Ti linerlayerwithanECVD TiN barxier layer
for 0.3 um, 5:1 aspect ratio contacts. ‘The above articles demonstrate that prior efforts emphasize
improving the effectiveness of Ti and/or TIN. Other efforts bave sought to use TiW as a barrier
Jayer, but the step coverage around the features is generally less than adequate for ULSI circuitry.

Thete remains a need for an improved liner, barrier, and/or seed layer that reduces the
attack of subsequent precursor reactants and promotes better conformal coverage of subsequent
layers.

Smmmary of the Invention

The present invention provides a method of depositing a tungsten-containing material
as a liver/barsier layer on & substrate, preferably using a high-density plasma PVD process,
typwally referred 1o as an ionized metal plasma (IMP) procr:ess- 6pﬁonally, if 2 Ti and/or TiN
liner/barrier layer is deposited, the present invention provides a m;:thod of Mucing or
eliminating the reactions between WF, and the Ti, TiN, and Si materials by depositing tungsten

Th1s Sheet Has Been Replaced




using a PVD-IMP process to obtain an initial seed layer. Tungsten may also be deposited in
the presence of a nitrogen source to produce a tungsten nitride liner/barrier layer. The tungsten
Jiner/bagxier layer may be followed by another tungsten layer deposited by & CVD process.
Additionally, other conductive materials, such as aluminum and copper, can be deposited on.
one or more of the tungsten layers. The tungsten and other materials can be deposited by other
processes such as other types of PVD processes including conventional sputtering, conimgted
sputtering, and long throw sputtering.

In one aspect, the invention provides a method of deposmng tungsten on a substrate,
comprising sputtering tungsten from a target, passing at least a portion of the sputtered
Tungsten through an electromagnetic field disposed between the target and & subsirate, and
attracting the tungsten to the substrate to form a first tungsten layer. In another aspect, the
invention provides a substrate, comprising a fixst tungsten layer deposited on the substrate by
an jonized metal plasma process or other PVD processes that ¢can provide good step coverage
of high aspect features, followed by deposition of alumipum, copper or tungsten or
combinations thereof. In another aspect, the invention provides a method of depositing
tiungster on » substrate, comprising biasing the substrate, depositing a first fungsten layer, and
_ altering the film stress leve] of the multilevel substrate with the first tungsten layer. In aﬁother
aspect, the invention provides a method of depositing a tungsten layer on a substrate,
comprising sputtering tungsten from a target, exposing the tungsten to nitrogen, and attracting |
the tungsten and nitrogen to 2 substrate to form a tungsten nitride layer, In another aspect, the
invention provides a substrate comprising 2 barrier layer of sputtered tungsten nitride on a
substrate. In another aspect, the invention provides a method of deposxtmg tungsten on a
substrate, comprising sputtering tungsten from a target to form a fitst tungsten layer and
depositing a second tungsten layer by 2 CVD process an the first tungsten layer. In another
aspect, the present invention provides a substrate processing system comprising.a sputtering
chamber having a tungsten target disposed in the chamber connected to a first power supply
and a substrate support disposed in the chamber, a coil disposed between the target and the
substrate support connected to & second power supply, and & controller that controls 2 first
power output from the first power supply to sputter matexial from the tongsten target.
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Brief Description of the Drawi

So that the manner in which the sbove recited foatures, advantages and objects of the
present invention are attained and can be understood in detail, a more particular description of
the invention, briefly summarized above, may be had by reference to the emboditaents thereof
which are illustrated in the appended drawings.

It is to be noted, however, that the appended drawings illustrate only typical
embodiments of this invention and are therefore not to be considered limiting of its scops, for
the invention may admit to other equally effective embodiments,

Figure 1 is a schematic view of a substrate, illustrating challenges associated with the
typical deposition of Ti, TIN, and tungsten layers,

Figure 2 is a schematio cross-sectional view-of an IMP chamber.

Figure 2A is a schematic cross-sectional view of a structure of the invention.

Figure 2B is a schematic cross-sectional view of 4 structure of the invention.

Figure 2C is a schematic cross-sectional view of a structure of the invention.

Figure 3 is a schematic partxal perspective view of an integrated processing system.

Figure 3A is a schematic cross-sectional view of a CVD ¢hamber.

Figure 4 is a graph of the sheet resistance uniformity relative to different process
parameters.

~ Figuxe 5 is a graph of stress and R, uniformity relative to different process parameters.

Figare 6 is a graph of the film resistivity relative to the ﬁlm tlnclmess with and without

a substrate bias,

Figure 7 is 2 representation of the IMP tungsten grain size without a substrate bias.
Figure 8 is arepresenmnonofthelMthgstengramazcthha 350 watt substrate
bias and a 50% duty cycle.

Figure 9 is a representation of the IMP tungster grain size with a 500 watt substrate

- bias and 2 50% duty cycle.

Figure 10 is a representation of the IMP tungsten gram size with a 350 watt substrate '
bias and a 100% duty cycle.

Figure 11 is a representative graph of an XRD #nalysis for 2 CVD tungsten layer when

- an underlying IMP TIN layer is exposod to air before depositing the CVD tungsten layer.

Figure 12 is a representative graph of an XRD analysis for 2 CVD tungsten layer when
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an underlying IMP tungsten layer is exposed to air before depositing the CVD tungsten jayer.
" Figure 13 is e xepresentative graph of fluorine diffusion through a Ti/TIN stack.
Figure 14 is a representative graph of fiuorine diffusion through a substrate stack
according to onc embodiment of the presént invention ﬁrith an JMP tungsten layer.

e i ' di

The present invention provides a method of depositing 4 tungsten-containing material
(herein generally referred to as tungsten) on a substrate using iPVD-IMP process for a variety
of metallization schemes. In some embodiments, the PVD-IMP tungsten layer is followed by a
CVD tungsten layer deposited thereover and in Gther schemes, the PVD-IMP tungsten layer is
followed by deposition of an aluminwm or copper layer by PVD, PVD-IMP, CVD
evaporation, electrochexnical deposition processes such as electroplating, or other known
methods.

Exemplary PVD-IMP Processing Equipment _
Figure 2 is 2 schematic cross-sectional view of an jon metal plasma (IMP) chamber
100. An IMP prooessiﬁg chamber, koown as an IMP Vectra™ chamber, is available from
Applied Materials, Inc. of Santa Clara, California. The IMP chamber can be integrated into an
' Endura™ platform, also availsble from Applied Materials, Inc, The chamber 100 includes
s1dewalls 101, lid 102, and bottom 103. The lid 102 includes a target backing plate 104 which.
supports 2 target 105 of the material to be deposited. An opening 108 in the chamber 100
provides access for a robot (not shown) to deliver and retrieve substrates 110 to and from the
chamber 100. A substrate support 112 supports the substrate 110 in the chamber and is
typically grounded. The substrate support 112 is mounted on a lift motor 114 that raises apd
lowers the substrate support 112 and 2 subswtrate 110 disposed thereon. A lift plate 116
comnected to a lift motor 118 is mounted in the chamber 100 and raises and lowers pins 120a,
120b mounted in the substrate support 112. The pins 120a, 120b raise and lower the substrate
110 from and to the surface of the substrate support 112. A coil 122 is mounted between the
 substrate support 112 and the target 105 and provides inductively coupled electromagnetic
fields in the charaber 100 to assist iﬁ generating and maintaining a plasma between the target
105 and substrate 110. Power supplied to the coil 122 densifies the plasma which jonizes the
. \

This Sheet Has Been R

AN



g

sputtered material. The ionized material is then directed toward the substrate 110 and
deposited thereon. The term IMP as used herein includes any deposition procedure which
ionizes sputtered material for deposition theceof. A shield 124 is disposed in the chamber 100
to shield the chamber sidewalls 101 from the sputtered material. The shield 124 also supports
‘the coil 122 by supports 126. The supports 126 electrically insulate the coil 122 from the
shield 124 and the chamber 100. The clamp ring 128 is mounted between the coil 122 and the
substrate support 112 and shields an outer edge and backside of the substrate from sputtered .
materials when the substrate 110 is raised into a processing position. fo engage the lower |
portion of the clamp ring 128. In some chamber configurations, the shicld 124 supports the
clamp ring 128 when the substrate 110 is lowered below the shield 124 to cmable substrate
transfor. B |
Three power supplies are used in this type of sputtering chamber. A power supply 130
delivers prefersbly DC power to the target 105 to cause the processing gas to form a plasma,
although RF power can be used. Magnets 1063, 106b disposed behind the target backing plate
104 increase the depsity of electrons adjacent to the target 105, thus increasing ionization at the
target to increase the sputtering efficiency, by generating magnetic ficld lines generally parallel
1o the face of the target, around which electrons are trapped in spinning orbits to increase the
likelihood of a collision with, and ionization of, & gas atom for sputtering. A power supply
132, preferably a RF power suppiy, supplies eléct:ical_pow to the coil 122 to increase the .
density of the plasma. Another power supply 134, typically a DC power ;smly, biases the
substrate support 112 with respect to the plasma and provides directional attraction of the
ionized sputtered material toward the substrate 110, |
Processing gas, such as an inert gas of argon or helium or a resctive gas such es
nitrogen, is supplied to the chamber 100 through a gas inlet 136 from gas sonrces 138, 140 as
metered by respective mass flow controllers 142, 144. A vacuum pump 146 is connected to tle
chamber 100 at an exheust port 148 to exhaust the chamber 100 and maintain the desired
pressure in the chamber 100.
A controller 149 generally controls the functions of the power supplies, lift motors,

mass flow controllers for gas injection, vacuum pump, and other associated chamber
components and functions. The controller controls the power supply 130 coupled to the target

105 to cause the processing gas o form a plasma and sputter the taxget material. The controller
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also controls iﬁe power supply 132 coupled to the coil 122 to increase the depsity of the plasma
and ionize the sputtered material and the power supply 134 to provide directional attraction of
the ionized sputtered material to the substrate surface. The confroller 149 executes System
contrel software stored in & memory, which in the preferred embodiment is a hard disk drive,
and can include analog and digital input/outpugboards, interface boards, and stepper motor
controller boards (110t shown).. Optical end/or magnetic sensors (not shown) are generally used
to move and determine the position of movable mechanjcal assemblies.

In operation, a robot (not shown) delivers 2 substrate 110 to the chamber 100 through
the opening 108, The pins 120a, 120b are extended upward, lifi the substrate 110 from the
robot, and the robot retracts from the chamber 100 The pins 1202, 120b lower the substrate
110 to the surface of the substrate suppost 112. The substrate support 112 raises the substrate
110 to engage the clamp ring 128. A processing gas is injected into the chamber 100 and a
plasma is generated between the farget 105 and the substrate support 112 with power from the
power supply 130, The power supply 132 delivers power to the coil, which densifies the
plasma and jonizes the sputtered target material leaving the target 105 to form sputtered
material ions. The sputtered raterial jons are acoelerated toward the biased substrate 110, The
process pressure may be operated from about 5 to about 100 mTorr to increase the ionization
probability of the sputtered materxial atoms as the atoms trave] through the plasma region.
After deposition, the substrate support is lowered, the pins 120a, 120b are raised to lift the
substrate 110, a robot (ot shown) euters the chamber 100, retrieves the substrate 110, and if
desired, delivers another substrate for processing.

PVYD-IMP Tungsten Deposition as Liner, Barrier, and/or Seed Layer

Figure 2A is a schematic cross-sectional view of a device 2 with a tungsten liner/barrier
layer of the present invention deposited in a feature 46 formed on the substrate 40. A dielectric
layer 44 is deposited on tho substrate 40 and etched to form a feature 46, such as a via, contact,
trench or line. The term "substrate” is broadly defined as the underlying material upon which
the tungsten or other material is deposited. The dielectric layer 44 can be a pre-metal dielectric
 layer depositad aver a silicon wafer or an interlevel dielectric layer.
A lincr layer 52 of Ti can be deposited on the dielectric layer 44 as o transition layer to
: promote adhesion to the underlying material and reduce contact/via resistancc. The liner layer
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is preferably deposited using a PVD-IMP process and can be deposited by other methods such
as CVD and other PVD processes, such as collimated or long throw sputtering. Collimated
sputtering is generally performed by placing 2 collimator (not shown) between the target and
the substrate to filter spuitered material traveling obliquely through the collimator. Long tb:ow
sputtering, also well known in the art, genepally is performed by increasing the spacing from
the target to ths substrate. The extended distance increases the probability that the sputtered
‘meterial reaching the substrate is directed normal to the substrate surface. In some
embodiments, a Ti layer may not be used as 2 liner layer if the tungsten has sufficient adhesion
to the ﬁndzrlying layer for the particular application. ' Thus, the tungsten could also be
deposited as a ner layer 52 without an vnderlying layer of Ti.

A baier layer 54 6ft1mg’sten. that can also function as a seed layer and a wetting layer,
is then deposited over the Ti liner layer 52 using 2 PVD process, preferably an IMP process. In
some applications, an additional barrier layer, such as a TIN layer may be deposited between
the Ti liner layer 52 and tungsten batrier layer 54 to provide additional barrier propertics. The
TiN may be deposited using IMP PVD, other PVD processes and CVD.

An exemplary process regime for the IMP tungsten is as follpws for a 200 mm wafer in
an IMP chamber such as described in reference to Figure 2. A noble gas, such. as helivan or
argon, is flown into the chamber at a rate sufficient to produce a chamber pressure of about 5 to
sbout 100 mTorr, preferably about 20 mTorr to about 50 mTorr and most preferably about 30
mTorr. The power supply 130 delivers abaut 200 watts (W) to about 6 kW, preferably about
0.75 kW to about 1.5 KW and most preferably about 1 KW, to a tungsten target 105. The power

~ supply 132 delivers about 500 W to about 5 kW, prefexably about 1.5 kW to about 2.5 kW aund
- most preferably sbout 2 kW, to the coil 122. The power supply 134 delivers about 0 W to
about 600 W, preferably about 350 W to sbout 500 W and most preferably about 450 W, to the
substrate support 112 with 2 duty cycle between 0% to 100% and prefersbly about 50% to
about 100%, and most preferably sbout 100%. The substrate is maintained at a temperature
between abott 10°C and about 400°C, preferably below 300°C. Tungsten is deposited on the
 substrate to a thickness of less than about 2000 A.

Other mngsten-contammg materials, such as fungsten nitride, can be deposzted by

¢xposing tungsten to a nimogen atmosphere in stoichiomermic and non-stoichiometric ratios to

form tungsten nitridé (WN, where 0<x<2). Tvngsten nitride forms a good barrier layer to the
\
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diffusion of materials, such as fluorine, aluminum and copper. A tungsten nitride layer can be
used in process sequences which traditionally used a TiN layer. A tungsten laya: could be
deposited over the tungsten nitride layer in sccordance with the invention.

One example of a processing regime in which a tangsten nitride layer deposited on a
200 mm substrate is to apply about 1 kW of DC power to a tungsten target 105, about 2 kW of
RF power to the coil 122, flow nitrogen at about 26 scem and argon at about 50 scem into the
chamber 100, and bias the substrate 110 to about 400 watts with 2 50% daty cycle although the
level of bias is generally not critical. It has been found that the thickness of the tungsten nitride
layer preferably shouid be at least sbout 150 A on field areas between features on the substrate
and at least about 20 A on. the sidewalls of the features to effectively reduce the diffusion of
copper. =

The tungsten layer deposited using PVD-IMP has sbout 1/20 of the resistance of the
TiN layer (10 uC-cm compared to 200-300 1Q-cxn). While some aspects of the invention are
discussed in reference to an PVD-IMP chamber with a cojl disposed therein, it is to be
understood that the inventian includes other PVD techniques which use fonization of the
sputtered flux from a target including hollow cathode magnetron and electron cyclotron
resonance techniques. .

Characteristics of the IMP tungsten layer were investigated for a variety of processing
regimes and are described in reference to.Figum 4-14 below. For instance, it was discovered
that resistance of the layex varics with increasing substrate bias. It was also discovered that the
IMP tupgsten film stress could be altersd between various tepsile aud compressive stress lovels
to offset a film stress in other layers of the substrate. Other characteristics such as grain size,
air exposure, and diffusion were also investigated.

- The deposition of tungsten-containing materials by 2 PVD or IMP process can be used
in several metallizaﬁon- schemes, such as discussed below. - |

'Metanmﬁon Scheme of CVD Tungsten | .
Figure 2B is a schematic view of a substrate 40 having a feature 46 formaed thereon. A

liner layer 52 of Ti and a barmier Jayer 54 of tungsten or tungsten mtnde are formed on the
pattered surfaces of the dielectric layer 44, Additiomally, an mmmcdnw layer of THN conld .
~‘also be deposited thereon (not shown). The barier layer 54 is deposited by a PVD process ora
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PVD-IMP process and provides a nucleation layer for subsequent tungsten growth using a
CVD process. One exemplary CVD process inclodes the hydrogen reduction process in which
hydrogen is reacted with WF to produce a tungsten layer 56 on the subs&a£e and forms a
tungsten plug 47. WF, attack on the underlying Ti is eliminated by providing PVD W
deposition prior to CVD of tungsten. The gas flows and ratios ¢an be vatied widely to
deposition tungstcn and other conductive materials and to produce a chamber pressure between
gbout 1 forr and about 500 torr. Also, the wafer temperature can vary between about 200°C
and about 500°C. The layer can be planarized, for instance, by chemical mechanical polishing
(CMP) to form a tungsten piug or other feature at any level in the substrate.

One exmhryCVDmngstmpmcmmgmeforazoOmmwafammgahydrogm
reduction process by a thermal reaction in 2 WxZ™-chamber is described in reference to Figure
3A. The substrate is loaded into the chamber 150 and onto a susceptor 158. The substrate is
beated to about 425°C. Argon and hydrogen gases are mixed in the mixing system 172 and
flown info the chamber et a rate of sbout 6000 standard cubic centimeters (sccm) and 6500
soom, respectively, to increase the chamber pressure to about 300 torx. A spacing of about 400
mils is provided between the substrate and the gas manifold 154. Purge gas, such as hydrogen
and argon, may be flown next to the edge of the substrate to assist in controlling deposition on
the substrate edge and backside of the substrate. The flow rates of argon and hydrogen are
reduced to about 3500 scom and 1600 gcom, respectively, and the process is stabilized. WF,is
then flowed at a rate of about 250 scem and mixed with the argon and hydrogen. The gases
react and deposit 2 tangsten layer on the substrate. A backside pressure of about 35 tom is
applied to the substrate, The chamber is purged by increasing the argon and hydrogen fow
rates to about 6000 scem and 6500 scom respectively. The susceptor is lowered and the
substrate is removed from the chamber for further processing as desired.

Metallization Scheme of PVD-IMP Wetting Layer for Aluminum/Copper CVD and PVD
Processing

The present invention can also be used for aluminum deposition processing, including

forming a contact. Figure 2C is a schematic view of a substrate 40 having & feature 46 formed
thereon, The substrate 40 can have a similar stack of & liner layer 52 of Ti and & berrier layer

54 of tungsten or tungsten nitride, as described in reference to Figure 2A. The liner layer 52 of
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Ti can be deposited using several proéesses including PVD processes and preferably an IVP
PVD pmcess The bamer layer 54 of tungsten, deposited by a PVD process and pzefembly an

nMP PVD process, acts as a batrier to prevent reaction of aluminum with Ti. The tungsten

layer can also act gs 2 wetting layer for subsequent depos_mon of aluminum, aluminum/copper
alloys, copper, or other conductive materials. Tungsten has been shown to bave similar
wetting capabilities as TiN for aluminum, as described in "A New Four-Level Metal
Interconpect System Tailored to an Advanced 0.5-um BiCMOS Technology" by Ralph N,
Wall, IREE Transactions on Semiconductor Manufacturing, Vol. 11, No. 4, November 1998,

Aluminum, as well as aluminum doped with copper and copper, ¢an generally be
deposited by sevéral processes including PVD processes such s IMP, collimated, and long
throw sputtering, CVD processes, electroplating, eVaporation, or other known methods. At the
cotact level, two methods particularly used are a flow deposition and a multi-step deposition.
In flow deposition, aluminum is deposited onto the substrate with the tungsten liner in 2 PVD
chamber such as the chamber described in reference to Figure 2 without using the coil 122 and
associated power supply 132. Ope simplified process regime for a 200 mm wafer is to flow
argon into the chamber at @ rate sufficient to create a pressure of about 1 mTorr to about 3
mTorr i i the chamber, using the DC power supply 130 to deliver about 500 W to about 2 kW
and preferably about 1 kW to about 2 kW to an aluminum target to create a plasma. The
substrate temperature is about 425°C to about 500°C. The argon ions dislodge aluminum from

the target and the sputtered aluroinnm material is deposited on the substrate. The substrate is
subsequently heated to a temperature of about 500°C to about 550°C to flow the aluminwn apd
fill the contact without having to use 2 plasma.

In 2n exemplary multi-stép deposition method, using the methods aund regimes
described herein, a wetting layer, such as a Ti layer, is deposited on a tungsten liner, followed
by 2 "cold", i.e., low tempersture, deposition of a conformal aluminum wetting layer, and then
a sputter deposition of aluminum to fill the feature and 2 sputter deposition of a top aluminum
layer to improve the aluminum reflectivity for subsequent processing.  The cold aluminum
wetting layer can be deposited by various techniques. One techmique for a 200 mm wafer in a
PVD chamber for aspect ratios up to 3:1 includes epplying a DC power of about 9 KW to about
12 kW to an aluminum target, flowing arson o some other inert gas into the chamber .
sufficient to create a chamber pressure of sbout 1 mTorr to sbout 3 mTorr. The wafer .
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temperature is about 50°C or less during the deposition.
The aluminum material and other materials can be deposited also by 2 CVD process.

For instance, 2 CVD process could be used to form the wetting layer of aluminum in the multi-
step deposition process. The CVD process could also be used to fili the feature.. However,
preferably, the CVD process is used to create the alumioum wetting layer which is then
followed by PVD of aluminum to fill the featre. A CVD process for aluminum oould include
. the use of dimethy! aluminum hydride ("DMAH") and hydrogen as precursor gases sccording
-to the following equation: .
(CH,),Al-H+H, = Al+CH, + H,

An exemplsry CVD chasiber is described in referBace to Figure 3A. An exemplary process
regime is as follows for depositing a wetting layer of aluminum. DMAH and hydrogen gas are
flown into a CVD chamber 150 to establish a chamber pressure of between about 1 torr and
about 80 torr and prefexably about 23 mTorr to about 27 mTorr. An inert gas, such as argon or
helium, is flown into 2 CVD chamber 150 to establish 2 pressure below the substrate, i.e.,
backsjde pressure, of about 9 torr to about 11 torr. The wafer is hoated to about 200°C to bout
250°C and a wafer to gas distribution manifold 154 spacing is set at about 320 mils to about
370 mils through which the DMAH is flown. A CVD wetting layer thickness of about 500 A
to about 700 A is sufficient to wet a subsequent sputtering process. |
" Aftex the wetting layer is formed by either of the two deposition methods described
above, a PVD process is used to sputter ahuminum from an aluminum target to £ill the feature.
An exemplary process regime uses 2 DC power supply, such as power supply 130 in the
chamber 100 shown in Figure 2, to supply about 1 kW to about 2 kW to n aluminum target
and flowing argon or some other inert gas into the chamber sufficient to create a chamber
pressure of about 1 mTorr to about 3 mTorr. The wafer temperature is about 375°C to about
500°C during the deposition. A top layer of aluminum of about 1000 A to sbout 2000 A is
deposited thereafter preferably by sputtering to improve the reflectivity of the alwnimm fill
layer for subsequent processing, The primary difference in the sputtering regime of the
aluminum top layer is an increase in DC power to the target of ebout 9 kW to about 12 kW.
. Alternatively, the alumimam deposition can occur directly on the tngsten liner/barrier
layer instead of the Ti wetting layer. The tungsten provides wetting capabilities for the
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aluminum. An advantage is that tungsten has less resistivity than Ti and thus reduces the
overall stack resistivity. Also, eliminating the Ti layer simplifies the overall process.

A similar metallization scheme can apply to the deposition of copper, co‘pper containing
matmals, and aluminuw/copper alloys. For instance, & CVD copper wetting layer can be
deposite& over the Ti and/or tungsten layer followed by a PVD-IMP deposition of copper.

A CVD copper wetting layer may be deposited using by any kmown CVD copper
process or precursar gas, inchading Cu*’(hfac), and Cu(fod), (fod being an abbreviation for
heptafluoro dimethyl octanediene), but preferably, the process uses the volatile liquid complex
copper”'hfac, TMVS (hfac being an sbbreviation for the hexafluoro acetylacetonate anion and
TMVS being an abbreviation for trimethylvinylsilane) ‘with argon as the carder gas. Because
this complex is a liquid under ambient conditions; it can be utilized in standard CVD bubbler
precﬁrsor delivery systems currently used in semiconductor fabrication. Both TMVS and
copper’“(".’:fac), are volatile byproducts of the deposition reaction that are exhausted from the
chamber. The deposition reaction is believed to proceed according to the following

mechantism, in which (5) denotes interaction with a surface and (g) denotes the gas phase.

2Cu""hfac,TMVS(g) »----- - 201‘;'hf=c,TMVS(S) ' step
m |

2Cu"fac, TMVS(S) - ----- - 2Cu"bfac(s) + 2TMVS(g) - step
@ |

2Cu™hfac(s) ------— Culs) + Cu(hfac)i(g) step
®

- Instep 1, the complex is adsorbed from the gas phase onto a metallic surface. Instep2,
the ¢oordinated olefin (TMVS in this specific case) dissociates from the complex as a free gas
leaving behind Cu"hfac as om unstable compound. In step 3, the Cu''hfac disproportionates to
yield copper metal and volatile Cu(hfac),. The disproportionation at CVD temperatures
appears to be most strongly catalyzed by metallic or electrically conducting surfaces. In an

alternative reaction, the organometallic sopper complex can be reduced by hydrogen to yield
metallic copper.

\
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The volatile liquid complex, Cu*'hfae,TMVS, can be used to deposit copper through
either 2 thezmal or plasma based process. The substrate temperature for the plasma enhanced
process is preferably between about 100°C and about 400°C, while that for the thermal process
is between about 50°C and about 300°C, most preferably about 170°C. Following either of
these processes, 2 CVD copper wetting layer, such as Ti or Ta or tungsten, may be provided
over the nucleation layer. Altenatively, electroplated copper may be used in combination with
or in replacement of the CVD copper wetting layer. '

Following deposition of & copper wetting layer, the substrate is seot to a PVD-IMP
chamber to sputter deposit copper below the melting point temperature of the copper. It is
preferred that the PVD-IMP copper be deposited at a substrate temperature below about 550°C,
preferably below about 400°C. The copper layers start to flow during the PVD deposition
process at above 200°C, A substrate temperatures above the melting point of aluminum
(>660°C) is not required with the wetting layer. Therefore, the application of a thin wetting
layer enables planarization of the copper to be achieved at temperatures below the melting
point of the copper. The CVD copper process is explained more fully in co-pending U.S. Appl.
No. 08/792,292 entitled "Low Temperature Integrated Via And Trench Fili Process And
Apparatus”, filed Yanuary 31, 1997 and is incorporated herein by reference.

. The tungsten can also form a seed layer for other deposition techniques, For example,
it is believed that copper can be deposited over the seed layer by applying an clectrical current
to tho edge of the tungsten layer 2nd plating copper from an electrolytic solution. One sush -
system that can be used to advantage is an Electra™ Cn ECP system, available from Applied
Materials, Inc. of Santa Clara, California. It is also believed that a layer of tungsten can be
- deposited by an clectroplating process on the tungsten seed layer by techniques similar to

techniques used in electroplating copper and other conductive materials, '

System Equipment . :
The PVD-IMP chamber of Figure 2 can be incarporated into an integrated processing
system baving multiple chambers. Figure 3 is a schematic top view of an exemplary
. processing system 350. A portion of the lid 374 has been cut away to reveal detzils of the

_processing system 350, Ths processing system 350 is typically known as a cluster tool. Two |
- such systems are the Centura® and the Endura® systems, both available from Applied
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Materials, Inc. The details of one such staged-vacuum sibstrate processing system is disclosed
in United States Patent No. 5,186,718, entitled “Staged-Vacunm Wafer Processing System and
Method,” Tepman et al,, issued on Febtuary 16, 1993, which is incorpordted herein by
_reference. The exact amrangement and combination of the chambers may be altered for
purposes of performing specific steps of a fabrication précess. |

. The processing ayétem 350 genexally comprises a plurality of chambers and robots and
is preferably equipped with a micropromsorlcontrbuer 352 programmed o control the various
processing methods performed in the processing system 350. A front-end environment 354 is
shown positioned in selective communication with a pair of 1oad fock chambers 356. A pod
loader 358 disposed in the fromt-end environment 354 is capable of linear aud rotational
movement to shuttle cassettes of substrates to and from the load locks 356. The load locks 356
provide a first vacuum interface between the front-end environment 354 and a transfer chamber
360. A robot 362 is centrally disposed in the transfer chamber 360 to transfer substrates from
the load locks 356 to one of the various processing chambers 364 and service chambers 365.
The robot 362 is a frog-leg type robot capable of extension, retraction, and rotation and is
actuated by a stepper motor. A support member 366 connected to the robot linkage 368 is
adapted to support a substrate 370 during transfer thxough the transfer chamber 360 and
between the chambers 364, 365 and the load locks 356. The processing chambers 364 may
perform any number of process&s. such as PVD, CVD, elechroplating and etching while the
service chambers 365 are adapted for degassing, orientation, cool down and the like. A
number of view ports 372 formed in a lid 374 of the transfer chamber 360 provide visual
access into the trapsfer chamber 360. While the above system is exemplary, the invention bas
application in any arrangement that requires the deposition of tungsten, aluminum, copper, and
other materials, and, thus, it is understood that other spplications of the invention are
contemplated. '

Fxgure 3A is a schematic cross section view of an exemplary CVD chamber 150 that
can be used in the processing system 350, One suitable CVD plasma reactor in ‘which a CVD
layer can be deposited is a WxZ™ chamber, also available from -Applied Materials, Inc.
Chamber 150 contains a gas distribution manifold 154 for dispersing process gases through
perforated holes (not shown) in the manifold to a substrate 156 that rests on a substrate support'
plate or susceptor 158. '

-_—
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Susceptor 158 is resistively heated and mormited on a support stem 160 so that
susceptor 158 (and the substrate 156 supported on the upper su:face of susceptor 158) can be
controllably moved by 2 lift motor 162 between a lower loading/off-loading p.osition and an
upper processing position which is closely adjacent to the manifold 154. ] |

When susceptor 158 and the substrate 156 are in the processing position, they ere
- surrounded by @ ting 164, During processing, gases inlet to manifold 154 are uniformly

distributed redially across the surface of the substrate 156. The gases exhaust through & port
166 by a vacuum pump systens 168 having a throttle valve (not shown) to control exhaust rate
of gas from the chamber 150, | -

Before reaching menifold 154, deposition and carricr gases are input through gas
supply lines 170 into a mixing system 172 where they are combined and then sent to manifold
154. Generally, the process gas supply lines 170 for each of the process gases include i) safety
shut-off valves (ot shown) that can be used to automatically or manusily shut off the flow of
process gas into the chamber 150, and ii) mass flow controllers (.also not shown) that measure
the flow of gas through the gas supply lines 170, Wher toxic gases are used in the process,
several sa.fety shot-off valves arc positioned on each gas supply line in conventional
configurations,

" In a plasma enhanced process, & controlled plasma is formed adjaceat to the substrate

156 by RF energy applied to the manifold 154 from RF power supply 174 (with susceptor 158
grounded). Gas distribution manifold 154 is also an RF electrode, while susceptor 158 is
grounded. RF power supply 174 scan supply either single or mixed frequency RF power to
manifold 154 to enhance the decomposition of reactive species introduced into chamber 150.
A mixed frequency RF power supply typically sunplics power at a high RF frequency (RF1) of
13.56 MH2 and at a low RF frequency (RF2) of 350 kHz, -
Heat is provided to the susceptor 158 by a resistive heat coil embedded in the susceptor
158. This additional heat compensates for the natural heat loss pattern of the susceptor and
provides rapid and uniform susceptor and substrate heating for effecting deposition.
| Typically, any or il of the chamber lining, gas inlet manifold faceplate, support stem
160, and various other reactor hardware is made out of matesial such as aluminum or alwminum
oxids. An example of auch a CVD reactor is described in U.S. Patent No. 5,000,113, entitled
“Thermal CVD/PECVD Reactor and Use for Thermal Chemcalw
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Dioxide and Jn-situ Multi-step Planarized Process,” issued to Wang et al., incorporated herein
by reference, and assigned to Applied Materials, Inc., the assignee of the present invention.

The it motor 162, the ges mixing system 172, and the RF power supply 174 are
controlled by a system controller 176 over control lines 178. The reacto: includes amalog
assemblies such as mass flow controllers (MFCs), RF generators, and lamp magnet drivers that
are controlled by the system controller 176 which executes system control software stored in a
memory 180, preferably a hard disk drive. Motors and optical sensors (not shown) are used to
move and determine the position of movable mechanical assemblies such as the throttle valve
of the vacuum system 162 and motor for positioning the susceptor 158, |

The systemn controller 176 coutrols all of the activities of the CVD resctor and a

prefarred embodiment of the controller 176 includes a bard disk drive, a floppy disk drive, and
' card rack (not shown). The card rack contains 2 single board computer (SBC), anslog and
digital input/output boerds, interface boards and stepper motor controller boards. The system
controlier 176 conforms to the Versa Modular Buropeans (VME) standard which defines board,
card cage, bus structure, and connector dimensions and types. '

The system controller 176 eperates under the control of a computer program stored on -
the bard disk drive 180. The computer program dictates the timing, mixture of gases, RF
power levels, susceptor posmon, and other parameters of 2 parucnlar process.

Several aspects of the present invention wers investigated using chambers and systems

similar to the chambers a.nd processing system shown in Figures 2, 3, and 3A and are described
below.

Investigated Characteristics of IMP PVD Tungsten Deposition

The IMP tungsten deposition process was investigated using a Vectra™ chamber from
Applicd Materials, Inc. The process included providing an argon flow in & Vectra™ IMP |
chamber to achieve a pressurc between about 10 and about 100 mTorr. A design of
experiments, referred to as 2 DOE, was conducted to characterize the IMP tungsten process
performance. In a typical DOE, a single parameter is changed while other parameters remain
constant and the results and trends are charted. Unless otherwise stated, the DC power zpplied

10 the tatget 105 shown in Figure 3A was set at about 1000 watts to establish a suitable
deposition rate for the experiments below. Coil RF power, substrate bias DC power, and
, -
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process pressure were varied end the resulting IMP tungsten sheet resistance uniformity,
deposition rate, and film stress were characterized. The DOE characterization is shown in
Figures 4 and 5 and the resulting characteristics of the films from various combinations of
pararaeters are described below. .

Sheet Resistance Uniformity

Figure 4 is a graph of the shoct resistance uniformity for films formed using different
process parameters. Figure 4 shows the effects of varying the substrate bias while the chamber
pressure is held constant during processing and the effects of varying the pressure while the
substrate bias is held constant. The film wniformity was about 4% to sbout 7%. The sheet
resistance uniformity improves with incressing sobstrate biss, Also, the sheet resistance
uniformity improves with decreasing process pressure.

A higher substrate bias in IMP tungsten processing results i a significant improvement
in uniformity. The sheet resistance uniformity of a substrate was measured by applying 2
_substrate bias of about 350 watts DC to the substrate, applying a target bias of about 1000
watts DC to the target, and applying about 2000 watts RF to the IMP coil. The chember
pressure v'vas maintained at about 30 mTorr. At those parameters, the sheet resistance
- uniformity was measured, resulting in: a value of about 11%. By changing the substrate bias to
about 500 watts while maintaining the target bias at about 1000 watts, the coil bias at about
2000 watts, and the chamber pressure at about 30 mTorr, the uniformity improved to 2bout 5%.
Thus, the uniformity was improved about 6% by adjusting the substrate DC bias.

Film Stress
The stress of the tungsten deposition was also investigated. Stress on the film caused
by deposition conditions can be tensile which would typically tepd to bend the film in a
concave manner, that is, the film edges bend away from the underlying surface or layer on
which the filt is deposited end may canse delamination of the film from the underlying layer.
The stress can also be compressive which would typically tend to bend the film in a convex
manner, that is, the inner surfaces of the film bend away from wnderlying surface or lzyer and

way cause dolamination of the inner surfaces of the film Inyer fom the underlying surfase or
layer,

-
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Figure $ is 2 graph of film stress relative to different process parameters, such as & coil
bizs between about 100 watts to about 200 watts, an Ar flow between about 35 scem to about

85 scem, and a substrate bias between gbout 0 watts to about 500 watts, The y-ams indicates o

that the tungsten film stress can be controlled by varying the parameters shown on the x-axis.
The Iower set of lines in 2one 200 represents the stress results of an IMP tungsten layer
deposited with variations in RF power levels delivered to the IMP coil in zone 204, argon flow
as the process gas in zone 206, and substrate bias in zone 208.

The inventors have discovered that the film stress level is ttmable and c¢an be
significantly lowered compared to traditional PVD processing. The IMP process for tungsten
disclosed herein was shle to reverse the stress from a tensile to a compressive level.

An increase in the RF power to the coil, holding the argon flow and substrate bias
constant, increased the corapressive stress while decreasing the tensile stress of the film. An
increase in argon flow, holding the RF power and substrate bias constant, increased the tensile
stress of the film. An increasc in substrate bias, holding the RF power and argon flow
constant, decreased the tensile stress, reversed the stress to a compressive stress, a'nd. then
increased the compressive stress. For instance, the stress on & substrate was measured when a
substrate bias at about 0 watts was applied to a substrate and a coil bias of about 1000 watts
was applied to the IMP coil. Argon was flown into the processing chamber at a flow ke of
about 65 scem. The parameters @ted in a stress Jeval of about 3.3 x 10" dyne/cm” tensile.

 With a coil bias of sbout 2000 watts and maintaining the argon flow rate and substrate bias at
about the same values, the stress was about 2.6 x 10" dyne/¢m? tensile.

At an srgon flow rate of sbowt 35 sccm and maintaining the RF power to the coil at
about 2000 watts and substrate bias at sbout O watts, the stress level was about 2.1 x 10
dyne/cm’ compressive. By changing the argon flow rate to about 65 scm and maintaining the
R¥ power and suhstrate bias constant, the stress changed to gbout 2.6 x 10' dyne/em” tensile.

The inventors discovered that the substrate bias power is a significant factor in
controlling the film stress. For instance, by applying a substrate bias of about 0 watts to the
substrate and delivering about 2000 watts RF to the coil and flowing argon at a flow rate of
about 85 scom, the film stress was about 3.0 x 10' dyne/cm? tensile. By changing the substrate
bias to about 500 watts end maintaixdng the RF power and argon flow yate coanstant, the flm
stress changed to about 1.5 x 10*° dyne/cm? compressive.
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The results show that the present invention can be used to advaptage to achieve an
overall Jower stress level of the stack by tuning the IMP tungsten layer to an appropriate
offsetting stress, cither tensile or compressive, to counterbalance.other stresses in the multilevel
stack caused by the various layer depositions. The amount of substrate bias can change the
stress levels from & tensile stress to a compressive streés and vice versa. An overall low stress
level is desired to prevent fracture and delamination of the film stack and to improve overall
, device relishility.

Step Coverage

The inventors discovered that the sidewall coverage of IMP tungsten was significantly
bigher than Ti and TiN, approximating two times the sidewall coverage of Ti and TiN. A
thicker sidewall coverage is highly desired for IMP tungsten to be an effective barrier to protect
the undezlying Ti layer from WF; attack during the subsequent CVD tungsten growth, The
bottom coverage, especially in the comers and even in quarter-micron features with a 4:1
aspect ratio, was at least about 20% and typically about 40% to about 52%, which
approximates three times the battom coverage of traditional PVD processing for tungsten. The
present invention also provides higher depositioh rates for tungsten, approximating four times
the deposition rate of TiN. |

Generally, applying a substrate bias to increase the jon energies flattened the bottom
step coverage profile of ths IMP tungsten layer. Itis believed that the moare energetic iops re-
sputtered the sputtered material on the bottom center of the feature and re-deposited the
material at the bottom cormners to obtain the flatter prbﬁle. Thus, in using an IMP process, the
substrate bias shapes the deposition on the substrate top and bottom comers and minimizes
overhang at the opening of the features. Because fungsten growth from the subsequent
selective CVD deposition docurs from tungsten surfaces deposited in the IMP tungsten process,
an overhang af the opening of the feature could cause the CVD tungsten to pinch off at the
opening before the feature was completely flled, resulting in a void in the feature, Also, the
ovethang at the top comers could interfere with bottom coverage uniformity. It is believed that
the top comers are also re-sputtered with the more energetic ions as the substrate bias increases

1o reduce the overhang.
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Film Resistivity Compared to Film Thickness

The film resistivity was also investigated. Figure 6 is a graph of the film resistivity
relative to the fitm thickness with and without a substrate bias. The substrate bias used was
about 350 watts of DC bias power with a 50% duty cycle, the target bias was about 1000 watts
of DC pawer, the coil bias was about 1500 watts of RF power, and the process pressure was
sbout 16 mTorr. Figare 6 shows that the film resistivity was higher for thin films and
decreased as the film thickness increased and that applying a substrate bias reduced the
resistivity of the substrate.

Ofher tests an resistivity revesled that a PVD-IMP/CVD tungsten stack hes lower -
resistivity than an PVD-IMP TiN/CVD tangsten stack. The underlying PVD-IMP tungsten
layer provided the lower and more desirable overall resistance of the substrate stack and even a
lower CVD tungsten resistance than the CVD fungsten on the PVD-IMP TiN layer. Table 1
shows the tests measurements on the PVD-IMP TiN/CVD tungsten stack compared to the
PVD-IMP tungaten/CVD tangsten stack.

TABLE 1

[~ Stack | Total | K, Overall | CVD W | Under | Under | CVDW | CVDW | CVD W |
A | (sq) (&) | Layer | Layer R, | R{3sq) | Resist | Grain
1B | @sq) (uQ-cm) | Orient.
CVDW/ | 3347 | 02173 | 4747 | 600 | 14 | 02207 | 105 | 200
PVD_ . : .

IMP TiN

CVD W/ | 4737 0.1951 4237 500 2 02162 9.16 110
PVD-
MPW

The overall resistivity of the first stack, having a CVD tungsten layer of about 4747 A thick

deposited on & 600 A thick PVD-IMP TiN layer for a total thickness of sbout 5347 A, was =

about 0.2173 2-sq. The overall resistivity of the second stack, having 8 CVD tungsten layer of
about 4237 A thick deposited on 2 500 A thick PVD-IMP tungsten layer for a total thickness of
4737 A, was about 0.1951 -5, Shest resistance of the 600 A PVD-IMP TiN layer was about
14 Q-5q. and sheet resistance of the 500 A PVD-IMP tungsten layer was about 2 Q-sq. The
sheet resistance of the CVD tungsten layer on the PVD-IMP TiN was measured at 0.2207 £2-
5q. The sheet resistance of the CVD tungsten layer on the PVD-IMP tungsten was measired at
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0.2162 Q-sq. Using those figwres, the resistivity of the CVD tungsten on the IMP TiN layer
was about 10,5 uQ-cm. In contrast, the resistivity of the CVD tungsten layer on the PVD-IMP
tungsten layer ;was about 9.16 uQ-cm. 1t is believed the results are due to the CVD tungsten
 epitaxial grain growth on the IMP tungsten 2s well as larger grain size between the CVD
tongsten deposited on the PVI-IMP TiN compered to the PVD-IMP tungsten. The resistivity
of tungsten decreases with increasing grain size. The grain size of CVD tungsten on a PVD-
IMP tungsten seed layer was about 0.3 ura. By comparison, the grain size of CVD tungsten on .
2 PVD-IMP TiN seed layer is typically sbout 0.1 pum.

Grain Size of IMP Tungsten

Figures 7-10 are cross-sectional scanning-electron microscopy (SEM) photographs,
representing the effect of substrate bias and biss duty cycle on grain size. The larger the grain
size, the less the resistivity of the layer due to less grain boundary layers for the electrons to
. traverse. Figure 7 represents the IMP tangsten grain size without using 2 substrate bias.
Figure 8 represents the IMP tungsten grain size with 2 substrate bias of about 350 watts and a
50% duty cycle and is larger than the gram size deposited without using a substrate bias as
shown i Figure 7. Figure 9 represents the IMP tungsten grain size using a substrate bias of
about 500 watts and a 50% duty cycle and is even larger than the grain size deposited using
350 watts and a 50% duty cycle as shown in Figure 8. Figure 10 represents the IMP tungsten
grain size deposited using about 350 watts of substrate bias aud 2 100% duty cycle, where the
grajn size is larger than the grain size deposited using about 350 watts of substrate bias and a
50% duty cycle as shown in Figure 8. The grain size using a substrate bias of about 350 watts
and a 100% duty cycle as shown in Figure 10 also appears largsr compared to the grain size
deposited using a substrate bias of about 500 watis and & 50% duty cycle as shown in Figure 9.
Itis believed that the higher intensity from either the increased substrate bias and/or the higher
duty cycle contributes to 2 denser grain structure with less defacts that affects the boundary
layer formation and resnlts in Jarger grain sizes.

Air Exposure on CVD Tungsten Layer
The effect of air exposure on the tungsten layer after an IMP TiN and IMP tungsten
process is shown in the graphs of XRD analyses of Figures 11 and 12. The XRD analyses
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indicate the grain orientation of the CVD tungsten after tl;c IMP layer was exposed to air for a
period of time. An air exposure could occur dus to a delay in processing between depositing
the IMP layer and before depositing the CVD layer. Preferably, the substrate is less sensitive
to air exposﬁms for better manufacturability.

Figure 11 is a graph of en XRD analysis for a CVD tungsten layer having an ﬁnderlying
IMP TiN layer exposed to air before the CVD tungsten deposition. The IMP TiN layer was
exposed to air for about two hours beforo a subsequent CVD tungsten layer was deposited on
the IMP layer and then the grein structure of the CVD layer was acalyzed. The results of the
two hour air exposure are represented by a dashed line, Similarly, the effect on the grain
stracture of & CVD tungsten layer from about & 24 hour air cxposure on the underlying IMP
TiN layer is represented by a solid line. The solid line is offset by 500 counts from the da;hed
line to view both lines on the same graph. The IMP TIN/CVD tungsten structure with a two
hour exposure has a structure of no couhts for a grain orientation of 110, about 6300 counts for
a grain orientation of 200, and no counts for either grain orientation 211 or 220. The 24 houy
exposure changed the structure significantly, demonstrating that the process was air sensitive in
that an air exposure on the IMP TiN layer would cause a change in the grain stricture of the
subsequent CVD tungsten. layer. The results show a grain orientation of about 500 counts of 2
grain orientation of 110, about 1750 counts of & grain orientation of 200, about 150 counts of a
grain orientation of 211, and about 50 counts of a grain orientation of 220, |

Figure 12 shows representative results of an XRD for an IMP tungsten layer exposed to’
air for about two hours and about 24 hours before depositing the CVD tungsten layer. The
dashed line represents the results on the grain structure with the two hour exposure and the
solid line represents the results on a grain structure with the 24 hour exposure, where again the
solid line is offset by 500 counts from the dashed line. - The grain structure of the CVD layer
with the two hour exposure to the IMP layer resulted in sbout 4500 counts of a grain
orientation of 110, about 500 counts of a grain orientation of 200, about 200 counts of a grain
orientation of 211, and sbout 100 counts of a grain orientation of 220. In contrast to the IMP
TIN results of Figure 11, even the 24 hour results did not change the grain orientations

significantly, if at all, demonstrating that the process is stable, so that desirable process
conditions could be mainteined regardless of the air exposuxe.
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Fluorine Diffusion through IMR/CVD T\_mgsten

The difference in fluorine diffusion barrier properties of IMP tungsten compared to
IMP TiN was also investigated. As described herein, fluorine diffusion can form compounds
which creats “volcanoes” that fracture the barrier film.

Figure 13 is a.representahve graph of fluorine diffusion through a TV/TIN stack. I-‘xgute
13 shows fluorine concentration in atoms/cm’ to demonstrate fluorine diffusion through 2
substrate stack having a silicon oxide dielectric layer, about a 1000 A thick layer of IMP Ti
deposited thereon, shout a 100 A thick layer of IMP TiN deposited on the IMP Ti layer, and
CVD tungsten deposited on the TiN layer at about 425°C, using the WF, chemistry described
herein. The stack 'was polished by CMP processes to improve the depth profile accuracy. The
fuorine level, shown in Figure 13, in the CVD tungsten layer was about 4 x 10* atoms/em® and
began reducing near the tungsten/TiN intexface. The TiN film acts as a barrier and slows the
fluorine diffusion. The solubility of fluorine in TiN is Jower than in either tungsten or Ti and is
shown by the drop in concentration. As the fluorine diffuses into the Ti, the concentration
increases to about 3 x 10 atoms/cm® in the TIN/Ti region at a depth of about 2000 A from the
surface and then reduces logarithmically to a level of about 1 x 10" atoms/cm’ near the Ti/SiO,
interface. The area under the curve in the region between the tmgsten/TiN interface and the
Ti/SiO, interface can be integrated to determine 2 "dosage level” of fluorine in that region. The
dosags level in Figure 13 forthaﬂégion is sbout 5 x 10" atoms/cm®.

By contrast, Figure 14 is a graph of the fluorine concentration of one structure made in
accordance with the present invention, having a silicon oxide dielectric Iayer, about a 1000 A
thick layer of IMP Ti deposited thereon, about a 100 A thick IMP tungsten bawier layer
deposited on the Ti layer, and 2 CVD tungsten layer deposited on the IMP tungsten barrier
layer. The substrate stack was likewise polished with 2 CMP process. The concentration of
fluorine in the IMP/CVD tungsten films is about 3 x 10" atoms/cne®, similar to the starting
level shown in Figure 13, but does not significantly rise in the Ti film like the level in Figure
13 nor does the fiuorine concentration extend a3 deep as the concentration shown in Figure 13.
The concentration reduces to about 1 x 10" atoms/em’ near the TV/SiO, interface at & depth of
about 2200 A from the stack surface. Integrating the area under the curve to obtain the dosage
level in the Ti film yields about 3 x 10™ atoms/cm’, a level that is sbout an order of magnitnde
less than the sample with the TIN/Ti combination shown in Figure 13. Thus, the IMP tungsten
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film is a significantly better batri i :
atrier to fluorine diffusion fr
p ey e . om a subsequent CVD tungsten
While the fore
e e em;i:: is directed to the preferred embodiment of the presemt invention,
o . - ents of the invention may be devised without departing from th .
. s@m thereof, and the scope thercof is determined by the claims that-fouow ) j
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Claims:
1. A ﬁxethod of depositing tungsten on & substrate, comprising:
&)  sputtering tungsten fom a target; _
b) passing at least a portion of the sputtered tungsten through an clectromagnetic
" ficld disposed between the target and a substrate; and
c) attracting the tungsten to the substrate to form a first tungsten layer.

2, The method of claim 1, wherein passing at least 2 portion of the sputtered tungsten
through the electromagnetic field comprises using an ionized metal plasma (IMP) process.

3. The method of claim 1, further comprising depositing a second tungsten layer by a
chemical vapor deposition (CVD) process on the first tungsten Iayer.

4.  The method of claim 1, wherein the chemical vapor deposition process of the second
tungsten layer includes a hydrogen reduction of tungsten hexafluoride.

5. The method of claim 1, further comprising depositing a liner layer of a titanium
material prior to forming the first tungsten layer.

‘6. The method of claim 1, further comprising exposing the tungsten to nitrogen to deposit
a tungsten nitride layer.

7. The method of claim 1, farther comprising adjusting a stress level of the first tongsten
layer by adjusting a substrate bias applied to the substrate.

8  The method of claim 7, wherein adjusting the stress level coprises lowering an overall '
substrate stress by tuning the first tungsten layer stress level.

9. The method of claim 1, further comprising increasing a film thickness uniformity of the
first ttmgsten laycr by incrensing a substrate bias applied to the substrate,
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10.  The method of claim 1, further comprising depositing at least about 20% of the field
coverage on the substrate in the bottom of a feature on the substrate by adjusting a substrate
bias applied to the substrate.

11,  The method of claim 1, fixther gompﬁsing re&ucing the resistance of the substrate by
increasing a substrate bias applied to the substrate,

12. | The method of claim 1, fuxther comprising depasiting a conductive material over the
first tuopsten layer, the conductivé layer comprising copper, aluminum, tumgsten or
combinations thereof, '

(o,

13. A substrate, compnsmg a first tungstex layer deposited on the substrate produced by an
ionization of sputtered tungsten material.

14.  The substrate of claim 13, further comprising a second tungsten layer deposited on the
first tungsten layer by 2 CVD process.

1S.  The substrate of claim 13, farther comprising a layer of titanium material deposited on
the substrate prior to the first tungsten layer.

16.  The substrate of claim 14, wherein the second tungsten layer compnses a hydrogen
reduction of tungsten hexafluoride.

17.  The substrate of claim 13, wherein the first tungsten layer comprises tungsten nitride.

18.  The substrate of claim 13, wherein the substrate comprises at least one layer of
conductive metaloralloys thereof deposited over at least one tungsten layer.

19.  The substrate of claim 13, wherein the first tungsten layer aud second tungsten layer are

deposited f0 & foature on the substrate. .
. Tl
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- 20. | The substrate of claim 19, wherein the feature comprises a plug on the substrate.

21.  The substrate of claim 13, wherein the film thickness uniformity of the first tmgsten
layer deposited in the bottom of a feature is 8% or less.
© 22.  The substrate of claim 13, whezein a stress level of the substrate stack measured prior to
the deposition of the first tungsten layer has been lowered by an offsetting stress level in the
first tungsten layer measured after the deposition of the first tungsten layer.

23.  The substrate of claim 13, wherein bottom coverage of the first tungsten layer deposited
in the feature is about 20% or greater compared to the coverage of the substrete in field areas.

24. 'I'he substrate of claim 13, wherein the second tungsten layer has o substantial gram
orientation change when the first tungsten layer is exposed to air for at least about 24 hours.

25.  The substrate of claim 13, wherein the tungsten layer reduces fluorine diffusion into an
underlying layer.

26.  The substrate of claim 13, forther comprising a second tungsten layer deposited on the
first tungsten layer by an electrochemical deposition process.

27. A method of depositing tungsten on 2 mululevel substrate, comprising:
a) providing a substrate;
b) biasing the substrate;
¢}  depositing a first tungsten layer; and
d) altering the film stress level of the multilevel substrate with the first tungsten

. 28.  Amethod of deposition a tungsten layer on a substrate, comprising:
a) sputtering tungsten from a target;
b) exposing the tungsten to nitrogen; and .
—_—
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c) depositing the tungsten and nitrogen on a substrate to form 2 tungsten nitride
layer.

29.  The method of claim 28, further comprising fonizing tungsten atoms with 2 plasma.

© 30. The method of claim 28, further cémprising depositing a conductive Iayet on the

tmgsten nitride Iayer, the conductive layer compnsmg copper, almnmum, tungsten or
combinations thereof.

31, A suﬁs&ate comprising a barrier layer of sputtered tngsten nitride on a substrate.
32.  The substrate of claim 31, wherein the sputtered tungsten nitride layer has & thickness
of at Jeast about 250 A.

33, The substrate of claim 31, further comprising & layer of copper, ahumimuza, fungsten or
combinations thereof on the tungsten, nitride barrier layer.

34 A method of depositing tungsten on a substrate, comprising:

a) sputtedngwngsten.&omatargettofomaﬁrsthmgstenhyer;and

b)  depositing a second tungsten layer by a chemical vapor deposition (CVD)
process on the first tumgsten layer.

35.  The method of claim 34, wherein the CVD prooess is 2 hydrogen reduction process of
tungsten.

36. A substrate processing system comprising: . _
&) a sputtering chember having a tupgsten target disposed in the chamber
. connected to 2 first power supply and 2 substrate support disposed in the chamber;

b) a coil disposed between the target and the substrate support connected to a
Second power supply; and

c) a controller that controls 2 first power output from the first power supply to
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sputter material from the tungsten target.

37.  The system of claim 36, whersin the coutroller further controls a second Powes output
from the second power supply to ionize the sputtered material.

38.  The system of claim 37, wherein the controller further controls a third power output

from a third power supply that biases the substrate support to provides directional attractxon of
the ionized sputtered material.

39.  The system of elaim 36, further comprising a robot disposed adjacent the chamber that
delivers substrates to the chamber, -

40.  The system of claim 36, further comprising a chemical vapor deposition chamber
disposed in proximity to the sputtering chamber.
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