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METHODS OF FORMING VOID AND SEAM FREE METAL FEATURES

BACKGROUND
Field
[0001] Embodiments described hersin generally relate to the field of semiconductor

device manufacturing, and more particularly, to methods of treating a nucleation layer

that includes tungsten containing materials.

Description of the Related Art

[0002] Due to its low resistivity and high melting point, tungsten (W) is commonly used
as a fill material to form many of the conductive features within a semiconductor device.
Tungsten is often used to form interconnect features, such as vias, and to fill source and
drain contacts. Typically, tungsten containing features are formed in the layers of

materials, such as silicon or dielectrics, disposed on a substrate.

[00063] To prevent diffusion and promote adhesion of tungsten material thereto, one
or more layers of a barrier material, e.g., titanium (T and/or titanium nitride (TiN}, are
deposited onto a dislectric layer 1o line openings therein. A tungsten film is then formed
over the barrier material. Unfortunately, depositing tungsten into increasingly smaller
features using conventional methods often results in the undesirable formation of seams
and/or voids in the resulting interconnact feature, and an overburden over the subsirate
surface oudside of the feature. To maintain a tungsten film coplanar with the surface of
the surrounding silicon or diglectric layer outside of the fesature, the substrate surface is

planarized to remove the overburden of tungsten from the fisld surface.

[0004] The seams and/or voids result from the conformal deposition of a tungsten
layer on the field surface of the substrate and in the opening formed thereon. As the
tungsten layer grows from all surfaces simultansously, and at the same rale, two
problems can occur. First, the tungsten forming on the walls of the opening near the
surface can grow together prematurely pinching off the opening and creating a space
ihat is empty of tungsten in a portion of the opening there beneath, i.e., a void. Second,

as the tungsten deposited on the walls of the opening grows togsther simultansously, the
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growth patiern can create a seam which exiends upwardly through the feature. Once
formed, these seams and/or voids may lead o degraded performance, reliability and/or
suppressed vield, as corrosive chemistries used in post deposition processes, such as
chemical mechanical planarization (CMP) or tungsten etchback, may further open

axisting seams and voids.

[0605] Another challenge to the deposition of tungsien material in features and field
surfaces is stress. High stress in tungsten fill material can result in undesirable
deformation of interconnects. In regions of high feature density, adjacent features having
a high aspect ratio, and high stress in the tungsien fill and overburden layer can cause
deformation of the silicon or dielectric material disposed betwsen the features. For
example, high stress in the tungsten fill or overburden layer may cause the deformation
of silicon fins disposed between fungsten buried word lines (bWL) in a memory device,
otherwise known as undesirable line bending. Deformation of silicon or dislectric
materials disposed between tungsten features can result in undesirable offsets with
subseguently formed interconnect features resulting in shorts and open circuits and

reliability and functionality problems associated therewith,

[0006] in addition, undesirably high siress tungsten films may cause deformation,
such as warping, of the underlying substrate. Deformation of the underlying substrate
makes subsequent processing, such as a CMP process, difficult and can contribute {o
inconsistent procassing results. Conventional methods of reducing stress in films of other
materials, such as annealing, are generally unavailable for reducing the stress of
ungsten films in a semiconductor device manufacturing process as tungsten does not
have the surface mobility to allow grains {0 be movad or altered at temperatures that are

suitably low enough 1o not cause damage to the devices formed therefrom.

[0007] Accordingly, there s a need in the art for improved methods of forming

conductive features in semiconductor devices that solve the problems described above.
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SUMMARY

[0005] Embodiments of the disclosure provide for methods of depositing a film that
include depositing a tungsten bulk fill material into a plurality of openings on a subsirate
by exposing the substrate {o a first tungsten-containing precursor gas and a first reducing
agent at or below a first processing pressure, and depositing a first tungsten overburden
fayer over the tungsten bulk fill material. The substrate includes a first material layer
having & plurality of openings formed therein and a tungsten nucleation layer formed on
the first maternial layer to conformally line the plurality of openings. Depositing the first
tungsten overburden layer over the tungsten bulk fill material includes exposing the
substraie to a second tungsten-containing precursor gas and a second reducing agent
at a second processing pressure, wherein the second processing pressure is at least

three times greatar than the first processing pressure.

[0008] Embodiments of the disclosure also provide for an additional method of
depositing a film that includes depositing a tungsten bulk fill material into a plurality of
openings formed in a first material laver of a substrate by concurrently flowing a first
tungsten-containing precursor gas, and a first reducing agent, into a first processing
volume, and exposing the substrate thereto while maintaining the first processing volume
at a first processing volume at a first procassing pressure. The method further includas
depositing a first tungsten overburden layer onto the tungsten bulk fill material and a field
surface of the substrate. Depuositing the first tungsten overburden layer onto the tungsten
bulk fill material and field surface includes exposing the substrate {o alternating pulses of
a second tungsten-containing precursor gas and a second reducing agent in a second
processing volume while maintaining the second processing volume at a8 second
processing pressure, wherein the saecond processing prassure is at least three times

greater than the first processing pressure.

[0016] Embodiments of the disclosure also provide for a substrate processing system
that includes a first process chamber, a second process chamber, a transfer chamber
coupling the first processing chamber to the second process chamber, and a non-

fransitory computer readable medium having instructions stored thereon for performing
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a method of processing a subsirate when execuled by a processor. The method includes
depositing a material layer having a plurality of openings formed therein, depositing a
tungsten bulk fill material into the plurality of openings by exposing the substrate to a first
tungsten-containing precursor gas and a first reducing agent at or below a first processing
pressure, and depositing a first tungsten overburden layer over the tungsten bulk fill
material. The deposition of the first tungsten overburden layer includes exposing the
substrate to a second tungsten-containing precursor gas, and a second reducing agent
at a second processing pressure, wherein the second processing pressure is at least
three times greater than the first processing pressure. The deposition of the material laver
into the plurality of openings occurs in a first process chamber, and the deposition of a
tungsten bulk fill material into the plurality of openings occurs in a second process

chamber.

BRIEF DESCRIPTION OF THE DRAWINGS

(8041} So that the manner in which the above recited features of the present
disclosure can be understood in detail, a more particular description of the disclosure,
briefly summarized above, may be had by reference to embodiments, some of which are
dlustrated in the appended drawings. it is (o be noted, however, that the appended
drawings illustrate only typical embodiments of this disclosure and are therafore not to
be considered limiting of its scope, for the disclosure may admit to other equally effective

embodimeants.

[0012] Figures 1A-1B are schematic cross-sectional views of a substrate illustrating

the formation of undesirable seams and voids in an interconnect feature.

[0013] Figure 2 is a schematic cross-sectional view of an exemplary processing

chamber used to practice the methods set forth herein.

[8014] Figure 3 is a schematic plan view of a multi-chamber processing system which

may bea used o parform the methods seat forth herein.

[B818] Figure 4 is a block diagram of a mathod of forming a conductive feature of an

electronic device, according to one embodiment.
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[0016] Figures SA-5E are schematic cross-sectional views of a substrate illustrating

various aspects of the method of Figure 4.

[0017] Figure 6 is a graph showing the film stress of bulk layers of tungsten deposited

according to various methaods disclosed heresin.

[0018] To facilitate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common {o the figures. it is
contemplated that elements disclosed in one embodiment may be beneficially utilized on

other embodiments without specific recitation.

DETAILED DESCRIPTION

[0019] Embodiments herein are generally directed 1o methods of forming high aspect
ratic metal contacts andfor interconnect features, e.g., tungsten features, in a
semiconductor device. Often, conformal deposition of tungsten in a high aspect ratio
opening resuits in a seam and/or void where the cutward growth of tungsten from one or
more wails of the opening meet. Thus, the methaods set forth herein provide for a desirable
bottom up tungsten bulk fill to avoid the formation of seams and/or voids in the resulting
interconnect features, and provide an improved contact metal structure and method of
forming the same. In some embodiments, an improved ovarburden layer or overburden
layer structure is formed over the field region of the substrate to enable the formation of
a contact or interconnect structure that has improved characteristics over conventionally

formed contacts or interconnect structures.

[o0207 The methods provided herein include freating a field surface of the substrate
with a radical species (o inhibit the growth of fungsten at the field surface and in the walls
of upper portions of openings formed in the field suwrface. The methods provided herein
create a gradient of inhibition for tungsten formation. By creating a gradient of inhibition
for tungsten formation, tungsten growth in the deepest portion of the openings is less
inhibited than at the field swface, resulling in & desirable bottom up growth of a

subsequent bulk fill and beneficial seamiess and voudiess tungsten features. The formed
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seamless and voidless tungsten fealures include the formation of one or more

overburden layers that have desirable properties as described further below.

[00243 Figures 1A and 1B are cross-sectional views of a substrate 100 illustrating
convaentionally formed tungsten vias that include undesirable seams or voids formed
therein. Here, the substrate 100 includes a dielectric layer 101 having a plurality of
opanings 103 {one shown} formed therein, and a plurality of tungsten interconnect
features 104 (one shown), formed in the openings 103, In some embodiments, the
fungsten interconnect feature 104 formed in the opening 103 has a width of about 8 nm
or less and height of about 110 nm or more. in some embodiments, the tungsten

interconnect feature has an aspect ratic of about 25:1 or more.

60223 Here, the opening 103 and a field surface 102 of the dielectric layer 101 is lined
with a barrier material layer 105 which may be deposited by reacting a precursor at or
over the exposed field surface 102 and the opening 103 to line the opening 103, and
biock diffusion of a subsequently depositad tungsten fill layer 108 into the surrounding
dielectric layer 101. The barrier material layer 105 may also promote adhesion between
the tungsten fill layer 108 and the walls 115 of the openings 103,

[6023] A nucleation layer 106 may then be deposited over the barrier material layer
105 by reacting a precursor at or over the exposed field surface 102 and the opening
103. The nucleation laver 106 may be a thin conformal layer deposited by an atomic
layer deposition (ALD) process. However, in other embodiments a chemical vapor
deposition {CVD) process may be used. The nucleation layer 108 may be used to
promote the initiation, growth and adhesion of the tungsten fill layer 108 to the barrier

material layer 105,

[0024] The tungstern fill layer 108 is then deposited over the nucleation layer 106, The
tungsten {ill layer 108 is deposited conformally over the nucleation layer 106. As the layer
grows from all surfaces simultanecusly and at the same rate, two probiems can occur.
First, portions of the tungsten interconnect feature 104 can grow together simultanecusly.

This growth patiern in the tungsten interconnect feature 104 can craate a ssam 118 which
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forms when the growth from the tungsten fill layer 108 meets (Figure 1A). The seam 118
creates space for post-processing reactants {o damage the uniformity of the tungsten fill
layer 108, such as those usad in conjunction with CMP. Second, where the width of a
fower portion 110 of the opening 103 is wider than the width of a middie portion 112 or at
an upper portion 114, the middie portion 112 or the upper portion 114 can grow togsther

prematurely creating an undesirable void 1186 (Figure 1B).

[0025] Accordingly, embodiments described herein provide for bottom-up tungsten fill
when forming tungsten features that substantially reduce and/or eliminate pinch points at
the feature opening o provide for seam-free and void-free tungsien fealures formed
therefrom. An examplary processing system which may be used {o perform aspects of

the methods is Hllustrated in Figure 2.

Frocessing Hardware Examples

[0026] Figure 2 is a schematic cross sectional view of an exemplary processing
chamber 200 used to practice the methods set forth herein, according to one
embodiment. Cther sxemplary deposition chambers that may be usad to practice the
methods described herein include a Producer® ETERNA CVD® system, an Ultima HDP
CVD® system, a CENTURA® Isprint ALD/CVD SSW, or other integrated tools available
from Applied Materials, Inc., of Santa Clara, California as well as suitable deposition

chambers from other manufacturers.

[0027] The processing chamber 200 includes a chamber lid assembly 201, one or
more sidewalls 202, and a chambaer base 204. The chamber lid assembly 201 includes
a chamber lid 206, a showerhead 207 disposed in the chamber lid 208, and an electrically
insulating ring 208, disposed between tha chamber lid 206 and the one or more sidewalls
202. The showerhead 207, one or more sidewalls 202, and the chamber base 204
fcgether define a processing volume 205, A gas inlet 209, disposed through the chamber
lid 206 is fluidly coupled to a gas source 210. The showerhead 207, having a plurality of
openings 211 disposed therethrough, is used to uniformly distribute processing gases

from the gas source 210 into the processing volume 205, In some embodiments, tha
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showerhead 207 is electrically coupled to a first power supply 212, such as an RF power
supply, which supplies power to ignite and maintain a plasma 213 of the processing gas
through capacitive coupling therewith. In octher embodiments, the processing chamber
200 comprises an inductive plasma generator and the plasma is formed through

inductively coupling an RF power 10 the procassing gas.

[0628] The procassing volume 205 is fluidly coupled to a vacuum source, such as to
one or more dedicated vacuum pumps, through a vacuum outlet 214, which maintains
the processing volume 205 at sub-atmospheric conditions and evacuates the processing
gas and cther gases therefrom. A substrate support 215, disposed in the processing
volume 205, is disposed on a movable support shaft 216 sealingly extending through the
chamber base 204, such as being surrounded by bellows (not shown) in the region below
the chamber base 204. Herein, the processing chamber 200 is conventionally configured
to facilitate transferring of a substrate 217 {0 and from the substrate suppornt 215 through
an opening 218 in one of the one or more sidewalls 202, which is conventionally sealed

with a door or a vaive {not shown) during substrate processing.

(60281 Hersin, a substrate 217, disposed on the substrate support 215, is maintained
at a desired processing temperature using one or both of @ healer, such as a resistive
heating element 218, and one or more cooling channels 220 disposed in the subsirate
support 215, Typically, tha one or more cooling channels 220 are fluidly coupled o a
coolant scurce (not shown), such as a modified water source having relatively high
glectrical resistance or a refrigerant source. In some embodiments, the substrate support
215 or one or more electrodes thereof (not shown) is electrically coupled {¢ a second
powar supply 221, such as a continuous wave (CW) RF power supply or a pulsed RF

power supply, which supplies a bias voltage thereto.

[0039] Operation of the processing chamber 200 is facilifated by a system controller
225 They system controller 225 includes a programmabie central processing unit (CPU)
226, which is operable with a memory 228 {(e.g., non-volatile memory) and support
circuits 230, The CPU 126 is one of any form of general purpose computer procassor

used in an industrial setting, such as a programmable logic controller (PLC), for
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controlling various chamber components and sub-processors. The memaory 228, coupled
to the CPU 226, facilitates the operation of the processing chamber 200. The support
circuits 230 are conventionally couplad to the CPU 226 and comprise cache, clock
circuits, inputfoutput subsystems, power supplies, and the like, and combinations thereof
couplad to the various components the processing chamber, {0 facilitate control of

substrate processing operations therewith.

[0031] Here, the instructions in the memaory 228 are in the form of a program product
such as a program that implements the methods of the present disclosure. In one
example, the disclosure may be implemented as a program product stored on computer-
readable storage media for use with a computer system. The program(s) of the program
product define functions of the embodiments {including the methods described herein).
Thus, the computer-readable storage media, when carrying computer-readable
instructions that direct the functions of the methods described harein, are embodiments

of the present disclosure.

00323 Figure 3 is a schematic top view diagram of an multi-chamber processing
system 300 that can be adapted to perform a metal layer deposition process as described
heregirn having a processing chamber 380, such as the processing chamber 200 described
above in reference to FIG. 2, integrated therewith. The multi-chamber processing system
300 can include one or more chambers 302 and 304 for transferring substrates 320 into
and out of the multi-chamber processing system 300. Generaily, the multi-chamber
processing system 300 is maintained under vacuum and chambers 302 and 304 can be
‘pumped down” to introduce subsirates 380 introduced into the multi-chamber
pracessing system 300. A first robot 310 can transfer the substrates 390 bstween
chambers 302 and 304, and a first set of one or more substrate processing chambers
312, 314, 316, and 380. Each processing chamber 312, 314, 316 and 380 is configured
to perform at least one of g substrate deposition process, such as cyclical layer deposition
(CLD), atomic layer deposition {ALD), chemical vapor deposition (CVD), physical vapor
daposition {(PVD), sich, degas, pre-cleaning orientation, anneal, and other substrate

processes. Furthermors, one of the processing chambers 312, 314, 316 and 380 may
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also be configured to perform a pre-clean process prior to performing a deposition
process or a thermal annealing process on the substrate 380. The position of the
pracessing chamber 380 may be optionally swiichad with any one of the procassing
chambers 312, 314, 316 i desired.

[0033] The first robot 310, which is positioned in a first transfer chamber 321, can also
transfer substrates 390 toffrom one or more pass-thru chambers 322 and 324, The pass-
ihru chambers 322 and 324 can be used to maintain ultrahigh vacuum conditions while
allowing substrates 380 to be transferred within the multi-chamber processing system
300. A second robot 330, which is positioned in a second transfer chamber 325, can
transfer the subsirates 390 between the pass-thru chambers 322 and 324 and a second
set of one or more processing chambers 332, 334, 336, 338. Similar to the processing
chambers 312, 314, 316, 380, the processing chambers 332, 334, 336, and 338, canbe
outfitied to parform a varisty of substrate processing operations including the dry setch
processes described herein in addition to cyclical layer deposition (CLD), atomic layer
deposition {(ALD), chemical vapor deposition (CVD), physical vapor deposition (PVD),
gtch, pre-clean, degas, and orientation, for example. Any of the substrate processing
chambers 312, 314, 316, 332, 334, 338, and 338 can be removed from the multi-chamber

processing system 300 to perform other process as needed.

Processing Methods

[0034] Figura 4 is a block diagram of a method of forming a conductive feature of an
elecironic device, according to at least one embodiment. Figures 5A-5E schematically
flustrate various aspects of the method 400. It is contemplated that the method 400, or
various aspects thereof, may be performed using the processing chamber 200 and/or the
multi-chamber processing system 300 described above, although other suitable

chambers may be used.

[0035] At activity 402, the method 400 includes positioning a substrate in a first
processing chamber 302, such as the processing chamber 200 described above. The

substrate 500 can be of any suitable composition, such as a crystalling silicon wafer
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having one or more dislectric layers deposited thereon, and a plurality of openings formed

in a field surface 502 of the one or more dielectric layers 501.

[0036] At activity 404, the method 400 includes depositing a diffusion barrier layer 505
onto the fisld surface 502 of a substrate 500, such as the substrate 500 shown in Figure
5A. Here, the substrate 500 has a plurality of openings 503 (one shown) formed in the
field surface 502 and the diffusion barrier layer 5085 is deposited such that it lines the
openings 503. The diffusion barrier layer 505 faciliiates subseguent deposition of
tungsten, in the openings, which otherwise would not occur on the surface of bare silicon,
oxidized silicon, or silicon oxide dislectric layers absent unsuitably high temperatures for
semiconductor device manufacturing schemes. In some embodiments, the diffusion
barrier layer 505 comprises a titanium containing material, such as titanium nitride (TIN).
in some embodiments, the diffusion barrier layer 505 is deposited {0 a thickness within a
range from about 2 angstroms (A) to about 100 A, The diffusion barrier layer 505 can be
deposited using any suitable process such as chemical vapor deposition {CVD), atomic

laver deposition (ALD), or physical vapor deposition {(PVD).

[6037] Generally, one or both of the CVD or ALD process may be plasma enhanced,
wheare the method includes forming a plasma of one or both of the precursors to form
radical species thereof and exposing the substrate o the plasma and/or radical species
formed therefrom. The plasma may be in-situ (formed in the procassing volums), or may

be formed remotely from the substrate, e.g., by use of a remote plasma source.

[0038] in one embodiment, a CVD process used to form the diffusion barrier layer 505
includes reacting a titanium precursor, such as TiCls, and a nitrogan precursor, such as
N2 or NHs, at a swface of the substrate. In ancther embodiment, an ALD process
includes exposing the field surface 502 to a titanium precursor, such as TiCls, or a
titanium-organic precursor comprising carbon, and a nitrogen precursor, such as No, or
NHs in one cycle, purging the mixture from the process region of the chamber and then
repaating the process steps. In some embodiments, the diffusion barrier layer 505 is
deposited using a plasma enhanced PVYD process where plasma excited species of a

spultaring gas are used to bombard a titanium target and spulter titanium atoms
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therefrom. The titanium atoms are deposited on the field surface 502 in the presence of
a nitrogen precursor, such as Nz, 1o form the diffusion barrier laver 505 in other
embodiments, one or both of the CVD or ALD processes are thermal processes, for
example, where the substrate is heated to promote reactions at the surface thereof

VETSUS USing a plasma enhanced deposition process.

(8034} Irr some embodiments, the diffusion barrier layer 505 is deposited onto a
substrate disposed in the first processing chambaer 302 of the multi-chamber processing
system 300 before the substrate is transferred to the second processing chamber 304
for the formation of a nucleation layer 508 at aclivity 406, In other embodiments, the
diffusion barrier layer 505 and the nucleation layer 506 are sequentially formed in the
same processing chamber. In some embodiments, the diffusion barrier layer 505 may
function as the nucleation layer 506 for conformal growth of a thin fungsten film (o be
subsaquently deposited. When the diffusion barrier layer 505 functions as a nucleation
faver, the layer is typically a thin conformal layer enabling subsequent deposition of a
buik tungsten containing material thereon. In some embodiments whers the diffusion

barrier layer 505 functions as a nucleation layer the method may not include activity 406.

[0040] At activity 408, the method 400 includes forming a nucleation layer 506 on the
diffusion barrier layer 505 (Figures 5B). In one embodiment, the nucleation layer 506 is
formed on the diffusion barrier layer 505 using an ALD process. The nucleation layer 506
may have a thickness that is at lsast a monolayer thick, such as a thickness between 20
angstroms (A) and 200 A such as a thickness between 30 A and 180 A, such as a
thickness between 40 A and 130 A, such as a thickness between 50 A and 100 A In
some embodiments, the ALD process includes repeating cycles of exposing the substrate
to a tungsten-cortaining reduction agent, such as hydrogen (H2). Examples of suitable
tungsten-containing precursors includs tungsten halides, such as tungsten hexafiuorids
(Whs), tungsten hexachloride (WCHk), or combinations thereof. Examples of suilable

hydrogen-containing reducing agents include boranes and silanes, e.g., BaHs, SiHs,

SioHs, or combinations thereof.
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[0041] At aclivity 408, the method 400 includes irgating the nucleation layer 506 to
inhibit the deposition of tungsten according to an inhibition profile on a field surface of the
substrate at activity 410. In some embodiments, treating the nucleation layer 506 includes
exposing the subsirate to a radical species R, such as radicals formed from a plasma
activated treatment gas, such as Nz, Hz, NHs, NHs, Oz, CHs4, or a combination thereof
{(Figure 5C). In at least one embodiment, the radical species is formed from a plasma
activated nitrogen containing gas, such as Ngz, Hz, NHz, NHs or a combination thereof.
The plasma may be in-situ (formed in the processing volume), or may be formed remotely
from the substirate, by use of a remote plasma source 255 as shown in the processing
chamber 200 of Figure 2.

[0042] Referring back to Figure 2, in one embaodiment, the radical specias R is formed
by flowing the treatment gas into the remote plasma source 255 fluidly coupled to the
pracessing volume 205 and igniting and maintaining a plasma of the treatment gas to
form a radical species R thereof. The radical species R is then flowed into the processing
volume and the substrate is exposed theregto. A typical flowrate of treatment gas {o the
remote plasma source 255 for processing of a 300 mm diameter substrate is between 10
scem and 5000 scem, such as betweean about 100 scom and about 1500 scom or batwesn
about 1 and about 100 scem. Appropriaie scaling may be used for different sized
substraies. In at least one embodiment, the processing volume 205 is maintained at a
pressure between about 200 mTorr and 120 Torr, or betwaen about 1 Torr and 100 Torr,

or between about 1 Torr and 50 Torr, or for example, between about 1 Torr and 10 Torr.

[0043] In some embodiments a remote plasma may be formed in a portion of the
pracessing volume that is separated from the substrate procassing portion by a
showerhead, such as the showerhead 207. In this configuration, the effluent from the
remote plasma source 255 is flowed through an ion filter 1o remove substantially all ions
therefrom before the freatment radicals reach the processing volume and the surface of
the substrate disposed tharein. In embodiments where the plasma is formed in a separate
partion of the processing volume a showerhead, such as the showerhead 207 in Figure

2, disposed bstween the remote plasma and the substrate processing portion may be
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used as the ion filter. In other embodiments, the plasma used {o form the treaiment
radicals is an in-situ plasma formed in the processing volume, for example, between the

showerhead 207 and the substrate.

[0044] In at least one embodiment, the activated nitrogen is delivered to the surface
of the substrate and reacts with the metaliic tungsten to form WN. When the nilrogen is
delivered as a plasma, it is delivered either with no bias or a low bias, {0 minimize the
amount of nitrogen reacting with material at the bottom of features and thus not
significantly inhibiting the material in these regions of the feature. lt is preferred o use
higher incubation times of the nitrogen containing-gas as opposed o lower incubation
times. Without intending to be bound by theory, it is believed that the nitrogen requires a
time above 10 saconds {o properly incorporate into the nucleation layer 508, Diffusion of
the nitrogen into the feature formed on the substrate is controlled by the energy level of
the gas, the directionality of the gas, the size of the feature and the aspect ratio of the

feature.

[6045] Bensficially, the radical treatment of the nucleation layer 508 slows down, or
at least partially inhibits the growth of fungsten on regions that wers significantly exposed
io the nitrogen containing gas, such as the field surface 502 and upper portion of the
feature (i.e., openings 503). For patterned substrates, such as those having high aspect
ratic openings formed in the surface theradf, the radical treatment at activity 408 provides
selective radical element exposure on the field surface 502, such that there is a higher
delay or suppression of tungsten growth on the field surface 502 and upper portion of the

openings 503, when compared 1o the lower portion and bottom of the openings 503.

[0046] in at least one embodiment, the radical treatment of the substrate should be
such that the field surface 502 of the substrate should have a greater freatment when
compared {o the inside of one or more of the features. Because the final result is a@ high
comparative tungsten nucleation delay on the field surfacs 502 as compared (o
nucieation in the lower portion of the openings 503, once tungsten growth is established

in the feature, the growth accelerates from the portion of the Teature farthest from the
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field surface 502. This tungsien bulk fili growth profile creates bottom up growth in the

subsequent processing and thus prevents the formation of a seam.

[0047] At activity 410, the method 400 comprises depositing a tungsten builk fill 504
on the treated nucieation layer 506. As shown in Figure 5D, tungsten is deposited in the
feature 550 such that it fills the feature. Suitable methods for depositing the tungsten bulk
fill 504 include CVD methods, ALD methads, pulsed tungsten or combinations thereof.
The tungsten CVD process comprises concurrently flowing {co-flowing) a precursor gas,
and a reducing agent. In at least one embodiment, co-flowing a precursor gas and a
reducing agent can comprise aliemnating sequertial repetitions of exposing the substrale
o the precursor gas, and the reducing agent. The pulsed tungsten deposition comprisas
sequential repetitions of exposing the substrate to precursor gas, and then a reducing
agent. The tungsten ALD process comprises sequential repetitions of exposing the
substrate to a precursor gas, then exposing the substrate to a reducing agent. The
method further includes purging the processing volume between exposing the substraie
to the precursor gas, and the reducing agent by flowing an inert gas thereinto. In at least
one embodiment, the precursor gas comprises Whes and the reducing agent comprises
Ha.

[0048] These bulk fill methods form low stress tungsten fill 504 by lowering the
prassure of the processing volume to between about 1 Torr and 300 Torr, while
simultaneously increasing the processing temperature to about 400°C and 550°C. iIn
addition, these bulk fill methods form a seamless and voidless tungsten fill, by depositing
fungsten info gap regions of the subsirate in accordance with a deposition profile, such
that the preferential nuclaation site{s) for tungsten bulk fill 504 becomes the portion of
the bottom of the feature, which is furthest away from the field surface. Since the inhibited
nucieation layer, such as the WN layer, is formed on the upper sidewalis of the opanings
503 and the field surface of the nucleation layer, the preferential nucleation site for
fungsten bulk fill 504 becomes the bottom of the feature 550, As a result, the tungsten
buik fill 504 is deposited on the non-inhibited portions of the nuclaation layer 506 to create

a bottom up growth, in accordance with the inhibition profile. In some embodimenis, the
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iungsten growth can result in some growth over a portion of the field. Typically, this
growth is subject to subsequent processing such as chemical mechanical polishing
(CMF).

[00497 In at least one embodiment, the tungsten CVD process includes concurrently
flowing a tungsten-containing precursor gas, comprising Wks, and a reducing agent,
comprising Hz, into the processing volume and exposing the substrate therefo, whersin
ihe flowrate of the tungsten-cortaining precursor, such as WFs into the processing
volume is between about 100 scem and 1000 scom, or between about 200 scoem and 800
scom, of for example between about 300 scem and 800 scom, and the flowrate of He of
is between about 500 scem and 7000 scom, or between about 750 scom and 5500 scem,
or for example betweaen 1000 scom and 4000 scom. In at least one embodiment, forming
the tungsten bulk fill 504 includes heating the substrate to, and maintaining the subsirate
at, a temperature batwesn about 100 °C and 1000 °C, or between about 300 °C and 700
°C, or for example between about 400 °C and 540 °C. in some embodiments, forming
the tungsten deposition process includes maintaining the processing volume at a
pressure between about 800 mTorr and 120 Torr, or between about 1 Torr and 100 Torr,
or between about 3 Torr and 70 Torr, or between about 4 Torr and 50 Torr, or for example
between about 5 Torr and 30 Torr during the deposition process. Additionally, in some
embodiments the grain size is between about 200 A and 220 A from caiculation at 2000
A film. In one example, the CVD process comprises, 1000 scom and 4000 scom, 400 C
and 540 C and 5 Torr and 30 Torr. Running the process at a higher temperature rangs,
such as a range of 400 C and 540 C, will increase the energy of the atoms as they contact
the surface of the subsirate during deposition, improving the surface diffusion and
arrangement of the atoms within the crystailing structure.  Additionally, running the
procass at lower pressures also reduces the deposition rate, thus also allowing the

deposited atoms more time (o find a preferred site within the crystailine structure.

[0050] In at least one embodiment, the pulsed tungsten deposition comprises
sequential repatitions of exposing the substrate o precursor gas then a reducing agent.

in some embodiments, the precursor gas comprises Wrs and the reducing agent



WO 2022/240503 PCT/US2022/024105
17

comprises Mz The flowrate of WFes info the processing volume is between about 100
scem and 2000 scom, or between about 250 scom and 1500 scoem, or for example
batweean about 500 scoem and 200 scem for a dose period of batween about 1 second
and 4 seconds. The flowrate of H during the dose period is between about 500 scom
and 7000 scom, or between about 750 scom and 5500 scom, or for example between
1000 scem and 4000 scem. In at least one embodiment, forming the tungsten bulk fill 504
inciudes heating the substrate 1o, and maintaining the subsirate at, a temperature
between about 100 *C and 1000 °C, or between about 300 *C and 700 °C, or for example
between about 400 °C and 500 °C. In some embodiments, forming the tungsten fisld
layer includes maintaining the processing volume at a pressure between about 900 mTorr
and 120 Torr, or between about 1 Torr and 100 Torr, or between about 2 Torr and 50

Torr, or for example between about 3 Torr and 10 Torr,

[0054] In at least one ambodiment, the tungsten ALD process comprisas sequential
repetitions of exposing the substrate to precursor gas, then a reducing agent. The method
further includes purging the processing voilume between exposing the substrate 1o the
precursor gas and the reducing agent by flowing an inert gas thersinto. In some
embodiments, the precursor gas camprises WFes and the reducing agent comprises Ha
in at least one embodiment, the substrate with the nucleation layer deposited at low
pressure has substantially iower stress than the substrate with the nucleation laver
deposited at high pressure. Forming the tungsten layer includes heating the substrate o,
and maintaining the substrate at, a temperature between about 100 °C and 1000 °C, or
betwesn about 300 °C and 700 °C, or preferentiaily between about 400 °C and 500 °C.
Here a typical flowrate for WFs to the processing volume is between about 1 scom and
5000 scem, or between sbout 250 scom and 2500 scom, or for example, between about
500 scem and 800 scem, for between about 1 second to 20 seconds, or between about
1 second to about 10 seconds, or for example, between about 1 sacond o 5 seconds.
The flowrate for Hz to the processing volume is between about 1 scem and 10000 scom,
or between about 500 scoem and 6500 scom, or for example, between about 1000 scem
and 4000 scem, for between about 1 second to 20 seconds, or batween about 1 second

to about 10 seconds, or for exampie, between about 1 second to 5 seconds. Additionally,
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forming the tungsten field layer includes maintaining the processing volume at a pressure
batween about 800 mTom and 50 Torr, or between about 1 Torr and 20 Torr, or betweean
about 2 Torr and 20 Torr, or preferentially between about 3 Torr and 10 Torr. In at least
one embodiment, the time for purging the processing volume between exposing the
substrate to the WFs and He precursor gases is between about 1 second and 20 seconds,
or between 1 second and 10 seconds, or preferentially between about 1 second and &

seconds.

[0052] Al activities 412 and 414, the method 400 comprises forming a first overburden
faver 530 of tungsten material on the tungsten fill layer and on the field surface of the
substrate by forming a first overburden layer 530 on the fill layer, at aclivity 412, and
forming a second overburden layer 540 on the first overburden layer, at activity 414. In
some embodiments it is desirable to form a first and second overburden layer that has a
low and compressive stress. Herein, forming one or both of the first overburden layer 530
and the second overburden layer 540 comprises process conditions which are different
than those used {o form the tungsten fill material disposed in the tungsten features. In
some embodiments, the processes used to form the first or second overburden lavers
resuits in a higher material deposition rate than the process{(es) used to form the tungsten
fill material, thus reducing the substrate processing time and providing for desirably
increased substrate throughput. In some embodiments, the methods used to form one or
both of tha first and second overburden layers allow for fine tuning of the stress in the
resulting tungsten film which may be useful for controlling processing results at

subsequent substrate processing operations, such as CMP processes.

[0053] Here, forming the first overburden layer 530 (Figure 5E) at activity 412
comprises depositing a layer of tungsten on a surface of the tungsten bulk fill 504,
Typically, forming the first overburden layer 530 sliminates the tungsten growth inhibition
on the field surface which was provided by the radical treatment at activity 408, By
reducing and/or reversing inhibition of tungsten growth on the field surface the field
surface is prepared so as (o allow for the growth andf/or deposition of the second tungsten

overburden layer 540
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[0054] Suitable methods for depositing the first overburden layer 530 inciude CVD
methods, ALD methods, or combinations thereof. As previousiy mentioned, the tungstan
CVD process comprises co-flowing a tungsten-containing precursor gas, such as We,
and a reducing agert, such as hydrogen {Ha) into the processing volume and exposing
the substrate thereto. The tungsten ALD process comprises sequential repetitions of
exposing the subsirate to a precursor gas such as Wks then a reducing agent, such as
Hz, and optionally purging the processing volume between exposing the substraie to the
precursor gas and the reducing agent by flowing an inert gas thereinto. Here the first
overburden laver 530, is used o initiale tungsten growth on the field surface of the
substrate which was otherwise inhibited by the radical treatment operation described

above.

[0055] in one embodiment, the CVD process for depositing the first overburden layer
530 includes co-flowing 2 tungsten-containing precursor gas, such as WFs, and a
reducing agent, such as hydrogen (Hz) into the processing volume and exposing the
substrate thersto. Here, the processing volume is maintained at a pressure between
about 900 mTorr and 1000 Torr, or betwsen about 50 Torr and 700 Torr, or between
about 100 Torr and 500 Torr, or for example, betweean about 150 Torr and 30C Torr. The
substraie is heated to andfor maintained at a temperature between about 100 °C and
1000 °C, such as between about 300 °C and 700 °C or for example, between about 450
°C and 540 °C.

[0056] In another embodiment, the ALD process for forming the first overburden layer
530 includes alternating sequential repetilions of exposing the substrales 1o a tungsten-
containing precursor gas and a reducing agent. Bansficially, the ALD process may be
used to overcome the tungsten growth inhibition imparted by the radical treatment while
providing a lower stress tungsten film than would be provided by relatively high pressure
CY¥D process. In some of those embodiments, forming the tungsten nucleation layer
further includes purging the processing volume between exposing the substrate to the
tungsten-containing precursor gas and a reducing agent by flowing an inert gas into the

processing volume while concurrently evacuating unreacted precursors andfor reaction
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byproducts therefrom. In some embodiments, the precursor gas includes Wks and the
reducing agent includes He. Here, the deposited thin tungsten layer can have a final
thickness of betwaen about 5 A and 100 A or betwesn about 10 A and 80 A, or for
example, between about 20 A and 80 A Additionally, the processing volume is
maintained at a pressure between about 900 mTorr and 100 Torr, or batween about 3
Torr and 50 Torr, or between about 4 Torr and 40 Torr, or for example, between about 5
Torr and 20 Torr.

[0057] As previously mentioned, examples of suitable tungsten-containing
precursors include tungsten halides, such as (WFs) tungsten hexachlorids (WCks), and
combinations thereof, and suitable hydrogen-containing reducing agents include boranas
and silanes, &.g. BaHs, SiHs, SizHs, or combinations thersof. In at least one embodiment,
the precursor gases comprise WFs and BaHs or SiHs flowed into the processing volume
and the exposed to the substrate thersto. Here a typical flowrate for WFs to the
processing volume is between about 1 scom and 1000 scom, or between about 25 scom
and 500scem, or such as between about 50 scoem and 100 scem. The typical flowrate for
BaoHs to the processing volume is between about 1 scom and 1000 scom, or belween
about 100 scem and 500 scem, or Tor example, between about 200 scom and 400 scom.
The typical flowrate for SiHy o the processing volume is between about 1 scem and 1000
scom, or between about 100 scom and 500 scom, or for example, between about 200
scoem and 400 scem. Typically, the processing volume is maintained at a pressure
between about 800 mTorr and 120 Torr, or between about 1 Torr and 100 Torr, or

between about 3 Torr and 50 Torr, or for example, between about 5 Torr and 20 Torr,

[0058] Additionally, in some embodiments, the CVD process for depositing the first
overburden layer 530 includes co-flowing a tungsten-containing precursor gas, such as
Wis, and a reducing agent, such as hydrogen (Hz) into the processing volume at a
processing pressure at least three times greater than the processing pressure for
depositing a tungsten bulk fill 504, Mareover, in some embodiments, the CVD process
for depositing the first overburden layer 530 includes co-flowing a tungsten-containing

precursor gas, such as WFs and a reducing agent, such as hydrogen (Hz) into the
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processing volume at a processing pressure al least two and a half times greater than
the processing pressure for depositing a tungsten bulk fill 504, For example, in some
embodiments, a ratio of the pressure of the processing volume for depositing the first
overburden layer o the pressure of the processing volume Tor depositing the tungsten
buik fill 504 is about 1.25:1 or more, such as about 1.5:1 or more, about 1.75:1 or mare,
about 2.1 or more, about 2.25:1 or more, about 2.5:1 or more, about 2.75:1 or more,

about 2:1 or more, about 3.25:1 or more, or about 3.5:1 or more.

[0059] in ancther embodiment, the ALD process for forming the first overburden layer
530 inciudes allernating sequential repetitions of exposing the substrate 1o a tungsten-
containing precursor gas and a reducing agent at a processing pressure of about two
times greater than the processing pressure for depositing a tungsten bulk fill 304, In vet
another embodiment, the ALD process for forming the first overburden layver 530 includes
alternating saquential repetitions of axposing the substrate {o a tungsten-containing
precursor gas and a reducing agent at a processing pressure of about ong and a half
times greater than the processing pressure for depositing a tungsten bulk fiil 504, For
example, in some embodiments, the pressure of the processing volume for depositing
the first overburden layer to the pressure of the processing volume for depositing the
tungsten bulk 504 has a ratio of about 1.25:1 or more, about 1.50:1 or more, about 1.75:1

or more, about 2:1 or more, about 2.25:1 or more.

[0060] At aclivity 414, the method 400 comprises forming the second overburden
layar 540, wherein forming the second overburden layer 540 comprises depositing a
fungsten field layer onto the first overburden layer 530, Here, the second overburden
layer is deposited using processing conditions which provide for a relativity low stress
tungsten. Suitable methods for depositing the second overburden layer include CVD

methods, ALD methods, and pulsed W or combinations thereof.

[0061] Typically, a chemical mechanical polishing (CMP) process is used {0 remove
an overburden of tungsten material (and the barrier layer disposed there below) from the
field surface of the substrate following a tungsten bulk fiil of the feature. Generally, such

CMFP processes rely on a combination of chemical and mechanical activity {o facilitate
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uniform removal of the overburden layer and an endpoini detection method {o determine
when the tungsten overburden has cleared from the field surface. Non-uniform clearing
of tungstan from the field surface or failure to detect a polishing endpoint, can result in
undesired over-polishing or under-polishing of at least some regions of the substraie
surface. Tungsten over-polishing can cause undesired removal of tungsten from the
tungsten feature, e.g. feature coring, because the polishing fluid in a CMP process is
often corrosive, and can cause damage o the features during over polishing. Tungsten
under-polishing can result in undesired residual tungsten remaining on the field surface
following CMP. Unfortunately, the inhibition freatments used to provide seam-free and
void-free tungsten features by promoting bottom up growth of tungsten also inhibit the
growth of tungsten on the field surface to prevent the overburden of tungsten from
forming during the bulk fungsten process. Thus, the embodiments herein include
methods of depositing an overburden layer, which are different from the methods used
to deposit the bulk fill laver, which provide a uniform thickness of tungsten on the field

surface of the substrate following the radical inhibition treatment described at 408.

[0062] In one embodiment, a tungsien CVD process for deposiling the second
ovarburden layer 540 includes co-flowing a tungsten-containing precursor and a reducing
agent into the processing volume and exposing the surface of the second tungsten
nucleation layer thereto. In some embodiments, the precursor gas includes WFs and the
reducing agent includes Hz Forming the tungsten field layer includes heating the
substrate to, and maintaining the substrate ai, a temperature between about 100 °C and
1000 *C, or betweaen about 300 °C and 700 °C, or for example, between about 400 °C
and 540 °C. In soms embodiments, forming the tungsten field layer includes maintaining
the processing volume at a pressure between about 800 mTomr and 120 Torr, or between
about 1 Torr and 100 Torr, or betwesn about 3 Torr and 70 Torr, or between about 4 Torr
and 50 Torr, or for exampie, betwean about 5 Torr and 30 Torr. Here a typical flowrate
for Wk 1o the processing volume is between about 10 scom and 1500 scom, or between
about 150 scom and 1000 scem, or for example, between about 300 scem and 800 scom.

The typical flowrate for Hz to the processing volume is between about 100 scom and
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10000 scem, or between about 500 scoem and 7500 scem, or for example, between about
1000 scom and 4000 scem.

[0063] Additionally, in some embodiments, the CVD process for depositing the
second overburden layer 540 includes co-flowing a tungsten-containing precursor gas,
such as Wks, and a reducing agent, such as hydrogen (H2) info the processing volume
at a processing pressure at least four times less than the processing pressure for
depositing the first overburden layer 530, For example, in some embodiments, a ratio of
the pressure of the processing volume for depositing the second overburden laver 540
to the pressure of the processing volume for depositing the first overburden layer 530 is
about 1.5 or less, such as about 1:4.5 or less, such as about 1.4 or less, such as about
1:3.5 or less, such as about 1:3 or less, such as about 1:2.5 or lass, such as about 1.2

or less.

[0064] in one embodiment, a tungsten ALD process for forming a second overburden
layer 540 comprises exposing the substrate {o sequential repetitions of a tungsten
precursor gas and a reducing agent, and optionally purging the processing volume
betwaen exposing the substrate o the precursor gases by flowing an inert gas thereinto.
in some embodiments, the precursor gas includes WFs and the reducing agent includes
Ha. In at least ane embodiment, the substrate with the nucleation layer deposited at low
prassure has substantially lower stress than the substrate with the nucleation layer
deposited at high pressure. Forming the tungsten field laver includes heating the
substrate to, and maintaining the substrate al, a temperature betwaen about 100 °C and
1000 °C, or between about 300 °C and 700 °C, or for exampile, between about 400 °C
and 500 °C. Here a typical flowrate for WFs to the processing volume is between about
1 scom and 5000 scem, or belween about 250 scom and 2500 scom, or for example,
between about 500 scom and 300 scem, for between about 1 second to 20 ssconds, or
between about 1 second to about 10 seconds, or for example, between about 1 second
to 5 second. The typical flowrate for Hz {o the processing volume is between about 1
scem and 10000 scem, or between about 500 scom and 6500 scom, or for exampls,

betwsen about 1000 scom and 4000 scem, for between about 1 second o 20 seconds,
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or between about 1 second to about 10 seconds, or for example, between about 1 second
o & second. Additionally, forming the second overburden layer 540 includes maintaining
the processing volume at a pressura betwsen about 800 mTorr and 50 Torr, or batwaen
about 1 Torr and 30 Torr, or between about 2 Torr and 20 Torr, or for example, between
about 3 Torrand 10 Torr. In at least one embodiment, the tims for purging the processing
volume between exposing the substrate to the Whs and Hz precursor gasses is between
about 1 second and 50 seconds, or between 1 second and 25 seconds, or for example,

between about 1 second and 4 seconds.

[6065] Additionally, in some embodiments, the ALD process for forming the second
overburden layer 540 comprises maintaining the processing volume at a processing
pressure at least ten times less than the processing pressure for depositing the first
overburden layer 530. For example, in some embodiments, a ratio of the pressure of the
pracessing voluma for depositing the second overburden layer 540 {o the pressure of the
processing volume for depositing the first overburden layer 530 is about 1:10 or less,
such as about 1:9 or iess, such as about 1.8 or less, such as about 1.7 or less, such as

about 1:6 or less, such as about 1:5 or less, such as about 1:4 or less.

[0066] in one embodiment, the pulsed tungsten deposition process for depositing a
second overburden layer 540 comprises sequential repetitions of exposing a tungsten
pracursor gas and then a reducing agent. In some embodiments the precursor gas
includes WFs, and the reducing agent includes Hz. Here a typical flowrate for W¥s to the
processing volume is between about 1 scom and 5000 scom, or between about 250 scem
and 2500 scom, or for example, between about 500 scem and 800 scom. The typical
flowrate for Hz o the processing volume is between about 1 scom and 10000 scem, or
between about 500 scom and 8500 scom, or for example, between about 1000 scom and
4000 scom.

[00671 Additionally, in some embodiments, the pulsed tungsten deposition process for
depositing the second overburden layer 540 comprises maintaining the processing
volume at a processing pressure at least ten times less than the processing pressure for

depositing tha first overburden layer 530, For example, in some embodiments, a ratio of
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ihe pressure of the processing volume for depositing the second overburden layer 540
¢ the pressure of the processing volume for depositing the first overburden layer 530 is
about 1:10 or less, such as about 1:9 or less, such as about 1.8 or less, such as about
1.7 or less, such as about 1.6 or less, such as about 1.5 or less, such as about 1.4 or

less.

[0068] For example, & tungsten feature was formead using 2 tungsten CVD process
ihat comprised concurrently flowing a tungsten-cortaining precursor gas Wrs, and a
reducing agent Hz, into the processing volume and exposing the surface of the second
tungsten nucleation layer therelo. The tungsten CVD included hesating the substrate to a
process temperature of about 450 °C, with a stress of about 1000 MPa and processing

volume at a pressure of about 5 Torr and 30 Torr,

[0668] In another example, a tungsten feature was formed using a tungsten CVD
procass that comprised concurrently flowing a tungster-containing precursor gas Wks,
and a reducing agent Hz, into the processing volume and exposing the surface of the
second tungsten nucleation layer thereto. The tungsten CVD included heating the
substrate 1o a process temperature of about 540 °C, with a stress of about 540 MPa, and

a processing volume at a pressure of between about 5 Torr and 30 Torr,

[0070] in yet another example, a tungsten feature was formed using a pulsed tungsten
deposition process. The pulsed tungsten deposition comprised sequential repstitions of
exposing the substrate to a precursor gas WFs, and then a reducing agent Ha. Here, the
pulsed tungsten deposition included heating the substrate {0 a process iemperature of
about 400 °C, with a stress of about 673 MPa, and a procassing volume at a pressure of
between about 3 Torr and 10 Torr. In this example, the tungsten growth rate on surfaces
of the upper portions of the openings is less than the tungsten growth rate on surfaces in
the lower portions of the openings which provides for bolfom-up tungsten formation in
the feature. Because the tungsten growth is predominantly from the botiom of the feature,
ihe seams that would otherwise result from conformal growth from the sidewalls of the

feature can be avoided. Similarly, bottom up tungsten growth does not have the problem



WO 2022/240503 PCT/US2022/024105
26

of creating overhangs of tungsten material, e.g., pinch points, at the opening {o the

feature, thus eliminating undesirable voids associated therewith.

[0071] As can be seen in the previous exampiles, the methods described herein
advantageously provide for seam-frae and void-free tungsten bulk fill of high aspect ratio
features. Figure © is a graph showing the film stress of bulk layers of tungsten deposited
according to various methods disclosad hersin. All layers are deposited {0 a thicknass of
1,200 Angstroms (A).

[0072] Tungsten bulk fill laver 601 was deposited by concurrently flowing the
tungsten-containing precursor gas Wke, and the reducing agent Hz, into the processing
volume and exposing the surface of a tungsten nucleation layer o the tungsten-
containing precursor gas and the reducing agent. Here the flowrate for Whs o the
processing volume was between about 150 scom and 750 scom, and the flowrate for He
to the processing volume was between about 1500 scoem and 5000 scem. Here, the
substrate was maintained at a process temperature of betwaen about 150 °C and 750
°C, and the chamber was maintained at a pressure of between about 100 Torr and 500
Torr. A blanket tungsten layer was deposited to a thickness of approximately 1,200 A,

and a stress measured for the resulting film was approximately 1600 MPa.

[0073] Tungsten bulk fill layer 602 was deposited by concurrently flowing the
iungsten-containing precursor gas Whes, and a reducing agent Ha, into the processing
volume and exposing the surface of the tungsten nucleation layer {o the tungsten-
containing precursor gas and the reducing agent. Here, the flowraie for Wks to the
processing volume was between about 300 scom and 800 scom, and the flowrate for He
to the processing volume was between about 1000 scom and 4000 scem. Here, the
substrate was maintained at a process temperature of between about 375 °C and about
425 °C, and the chamber was maintained at a praessure of between about 5 Torr and 30
Torr. A blanket tungsten layer was deposited to a thickness of approximately 1,200 A,

and a stress measured for the resulting film was approximately 1300 MPa.



WO 2022/240503 PCT/US2022/024105
27

[0074] Tungsten bulk fill laver 603 was deposited by concurrently flowing the
tungsten-containing precursor gas Wke, and the reducing agent Hz, into the processing
volume and exposing the surface of the tungsten nuclaeation layer to the tungsten-
containing precursor gas and the reducing agent. Here, the flowraie for WFs to the
processing volume was between about 300 scom and 800 scom, and the flowrate for He
io the processing velume was between about 1000 scem and 4000 scem. Here, the
substrate was maintained at a process temperature of betweaen about 425 °C and 475
°C, and the chamber was maintained at g pressure of between about 5 Torr and 30 Torr.
A blanket tungsten laver was deposited to a thickness of approximately 1,200 A and a

stress measured for the resulting film was approximately 1000 MPa.

[0075] Tungsten bulk fill laver 6804 was deposited by concurrently flowing the
iungsten-containing precursor gas Wks, and the reducing agent Hz, into the processing
volume and exposing the surface of the tungsten nuclaeation layer to the tungsten-
containing precursor gas and the reducing agent. Here, the flowraie for WFs to the
processing volume was between about 300 scem and 800 scem, and the flowrate for Ha
to the processing volume was between about 1000 scem and 4000 scem. Here, the
substrate was maintained at a process temperature of betweaen about 500 °C and 550
°C, and the chamber was maintained at a pressure of between about 5 Torr and 30 Torr.
A blanket tungsten laver was deposited to a thickness of approximately 1,200 A, and a

stress measured for the resulting film was approximataly 450 MPa.

[0076] Tungsten bulk fill layer 805 was deposited by puised tungsten depaosition that
comprised sequential repetitions of exposing the substrate to the tungsten precursor gas
Wis, and then the reducing agent Ha. Here, the flowrate for WFe to the processing volume
was between about 500 scom and 900 scom, and the flowrate for He {o the processing
volume was about 1000 scem and 4000 scom. Here, the substrate was maintained at a
process temperature between about 375 °C and about 425 °C, and the chamber was
maintained at a pressure of between about 3 Torr and 10 Torr. A blanket tungsten layer
was deposited to a thickness of approximately 1,200 A and a stress measurad for the

resulting film was approximately 673 MPa.
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[0077] As can be seen in the graph, the process used to deposit tungsten at figure
604 resuits in tungsten stress reduced by three times when compared to the tungsten
deposition of 601. Thus, in some embodiments anea or both of the tungsten bulk fill or the
second overburden layer has a film stress of less than 1600 MPa, less than 1500 MPa,
less than 1400 MPa, less than 1300 MPa, less than 1200 MPa, lass than 1100 MPs,
1000 MPa, less than 900 MPa, less than 800 MPa, less than 700 MPa, less than 600
MPa.

[0078] Conclusion

[0079] Embodiments of the present disclosure generally provide methods and
systemns of depositing seamlass and/or voidiess tungsten fill, by treating the nucleation
laver with a radical species to slow deposition of tungsten on the treaied surface.
Although the foregoing embodiments have been described in some detall, ceriain
changes and modifications may be practiced within the scope of the claims. Accordingly,
the present embodimeants are {0 be considerad as illustrative and not restrictive, as cther
and further embodiments of the disclosure may be devised without departing from the

basic scope thereof. The basic scope thereof is determined by the claims that follow.
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What is claimed is:

1. A methad of depositing a film, comprising:

depositing a tungsten bulk fill material into a plurality of openings on a substraie
by exposing the substrate to a first tungsten-containing precursor gas and a first reducing
agent at or below a first processing pressure, the substrate comprising a first material
layer having the plurality of openings formed therein and a tungsten nucleation layer
formed on the first material layer and conformally lining the plurality of openings; and

depositing a first tungsten overburden layer over the tungsten bulk fill material
comprising exposing the substrate to a second fungsten-containing precursor gas and a
second reducing agent at a second processing pressure, wherein

the second processing pressure is at least three times greater than the first

PIOCessing pressure.

2. The method of claim 1, further comprising exposing the tungsten nucleation layer
o a radical species of a treatment gas o sslactively inhibit deposition of the tungsten
bulk fill material on & field surface of the tungsien nucleation layer relative to deposition

of the tungsten bullk fill material on surfaces within the plurality of openings.

3. The method of claim 1, wherein the first processing pressure is about 50 Torr or
less.
4. The meathod of claim 1, wherain exposing the substrate o the second tungsten-

containing precursor gas and the second reducing agent to deposit the first tungsten
overburden layer comprises exposing the substrate to slternating pulses of the second

tungsten-containing precursor gas and the second reducing agent.

5, The mathod of claim 1, wherein exposing the substrate o the second tungsten-
containing precursor gas and the second reducing agent to deposit the first tungsten
overburden layer comprises concurrently exposing the substrate to the second tungsten-

containing precursor gas and the second reducing agent.
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8. The method of claim 1, further comprising depositing a second fungsten
overburden laver on the first tungsten overburden layer, comprising:

concurrently exposing the substrate {0 a third tungsten-containing precursor gas
and a third reducing agent at a third processing prassure, whearain

the second processing pressure is at least four times greater than the third

Processing pressure.

7. The method of claim 1, further comprnising depositing a second tungsten
overburden layer on the first tungsten overburden layer, comprising exposing the
substrate {o alternating puises of a third tungsten-containing precursoer gas and a third
reducing agent at a third processing pressurs, wherein

the second processing pressure is at least three times greater than the third

PIrocessing pressure.

8. The method of claim 7, wherein depositing the second tungsten overburden layer
further comprises:
flowing an inert purge gas in between alternating pluses of the third tungsten-

containing precursor gas and the third reducing agent.

9. A method of depositing a film, comprising:

depositing a tungsien bulk fill material into a plurality of openings formed in a first
material layer of a substrate by concurrently flowing a first tungsten-containing precursaor
gas, and a first reducing agent, into a first processing volume, and exposing the substrate
thereto while maintaining the first processing volume at a first processing pressureg; and

depositing a first tungsten overburden layer onto the tungsten bulk fill material and
a field surface of the substrate comprising exposing the substrate to alternating pulses of
a second tungsten-containing precursor gas and a second reducing agent in a second
procassing volume while maintaining the second processing volume at a second

processing pressure, whersin
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the second processing pressure is at least three times greater than the first

processing pressure.

10. The method of claim 8, wherein the first reducing agent comprises hydrogen gas
{Hz), and the second reducing agent comprises diborane gas, a silane-containing gas, or

a combination thereof.

11.  The method of claim 9, wherein depositing the first tungsten overburden layer
comprises concurrently flowing the second tungsten-containing precursor gas, and the
sacond reducing agent, into the second processing volume and exposing the subsirate
thereto, while maintaining the second processing volume at a pressure of between about
150 Torr and about 300 Torr.

12.  The method of clam 9, further comprising depositing a second fungsten
overburden layer on the first tungsten overburden laysr comprising concurrently flowing
a third tungsten-containing precursor gas, and a third reducing agent, into the second
processing volume while maintaining the second processing volume at a prassure of

hetween sbhout 800 mTorr and about 100 Torr.

13.  The method of claim 9, further comprising depositing a second fungsien
overburden layer comprising sequential repetitions of.
{a) exposing the subsirate to a third tungsten-containing precursor gas; and

(b} exposing the substrate {o a third reducing agent.

14, The method of claim 13, further comprising:

(c) flowing a purge gas into the second processing volume between (a) and (¢).

15, The method of claim 9, further comprising exposing a substrate to a radical
species of a treatment gas prior 1o depositing the tungsten bulk fill material, the subsirate
further comprising & tungsten nucleation layer formed on the first material layer and

conformally lining the plurality of openings, wherein exposing the substrate to the radical
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species forms an inhibition profile to inhibit the deposition of the tungsten bulk fill material

on a field surface of the tungsten nucleation layer relative 1o deposition of the tungsten

bulk fill material on surfacas within the plurality of openings.

16.

17.

The method of claim 15, wherein forming the radical spacies comprises:
flowing the treatment gas into a processing volume;
igniting and maintaining a treatment plasma of the treatment gas,; and

exposing the substrate {o the treatment plasma.

A subsirate processing system, comprising:

a first process chamber, a second process chamber, and a transfer chamber

coupling the first process chamber to the second process chamber, and

a non-transiiory computer readable medium having instructions stored thereon for

performing a method of processing a substrate when executad by a processor, the

method comprising:

depositing, using the first process chamber, a barrier material layer onto
the subsirate, wherein the substrate comprises a material layer having a plurality
of openings formed therein,

depositing, a tungsten bulk fill material into the plurality of openings using
the second process chamber, by exposing the substrate to a first tungsten-
containing precursor gas and a first reducing agent at or below a first processing
pressure; and

depositing a first tungsten overburden layer over the tungsten bulk fill
material comprising exposing the substrate to a second tungsten-containing
precursor gas, and a second reducing agent at a second processing prassure,
whersin

the second processing pressure is at least three times greater than the first

Processing pressure.
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18.  The substrale processing system of claim 17, further comprising depositing a

fungsten nucleation layer and exposing the tungsten nucleation layer to a radical species

of a treatment gas before depositing the tungsten bulk fill material.

19. The substrate processing system of claim 17, wherein depositing a tungsten bulk fill
material into the plurality of openings comprises:

concurrently flowing a tungsten-containing precursor gas, and a reducing agent,
into a processing volume and exposing the substrate thersto, wherein the tungsten-
containing precursor gas is flowed at a pressure of between about 800 mTorr and 100

Tarr.

20. The substrate processing system of claim 17, wherein depositing a tungsten bulk fill
material into the plurality of openings comprises:

exposing the substrate to sequential repetitions of & precursor gas, and a reducing
agent, and wherein the precursor gas is flowed at a pressure of between about 800 mTorr
and 100 Torr.



