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DIRECTIONAL SELECTIVE DEPOSITION

CROSS REFERENCE TO RELATED APPLICATIONS
{8001} This application claims the benefit of US Patent Application No. 17/469,529 filed
September 8, 2021, which the entire disclosare of which 18 incorporated by reference herein

for all purposes.

TECHNICAL FIELD
{0602]  The present technology relates to senuconductor processing. More specifically, the
present techuology relates to methods of depositing, etching, and converting materials

L=

mchuding flowable films.

BACKGROUND
{00031  Integrated circuits are made possible by processes which produce intricately
pattermed material layers on substrate surfaces. Producing patterned material on a substrate
requires controlicd methods of formation and removal of exposed matenial. As device sizes
continue to shrink, material formation may affect subsequent operations. For example, in gap
filling operations a material may be formed or deposited to fill a trench or other feature
formed on a semiconductor substrate. As features may be characterized by higher aspest
ratios and reduced critical dimensions, these filling operations may be challenged. For
example, as the deposition may occur at the top and along sidewalls of the feature, continued
deposition may pinch off the feature including between sidewalls within the feature, and may
produce voids within the feature. Thas can impact device performance and subsecquent

processing operations.

[0004] Thus, there is a need for improved systems and methods that can be used to produce
high guality devices and structures. These and other needs are addressed by the present

technology.
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SUMMARY
{B005] EHxemplary processing methods may include forming a plasma of a sificon-
containing precursor. The plasma of the silicon-contaimng precursor may be formed at a first
power level from a plasma power source. The methods may include depositing a flowable
film on a semiconductor substrate with plasma effluents of the silicon-contaming precursor.
The semiconductor substrate may be housed 1 a processing region of a semiconductor
processing chamber. The semiconductor substrate may define a feature within the
semiconductor subsirate. The processing region may be at least partially defined between a
faceplate and a substrate support on which the semiconductor substrate is seated. A bias
power may be applied to the substrate support from a bias power source. The methods may
mnclode forming a plasma of a hvdrogen-containing precursor within the processing region of
the semiconductor processing chamber. The plasma of the hydrogen-containing precursor
may be formed at a second power level from the plasma power source. A bias power may be
applied to the substrate support from the bias power source at a third power level greater than
the second power level. The methods may include etching and/or modifving the flowable
film from a sidewall of the feature within the semiconductor substrate with plasma efffuents
of the hvdrogen-containing precursor. The methods may include densifying remaining
flowable film within the feature defined within the semiconductor substrate with plasma

gffluents of the hyvdrogen-comtaining precursor.

{6606] In some embodiments, the feature within the semiconductor substrate may be
characterized by an aspect ratio of greater than or about 5:1. The feature may be
characterized by a width across the feature of less thar or about 10 nm. The bias power
source may be operated 1 a pulsing mode at a pulsing frequency of less than or about 1 kHz
during both the depositing and the etching. The plasma power source may be operated in a
continucus wave mode while the bias power source is operated in the pulsing mode during
the etching. The bias power source may be operated at a duty cvcle of less than or about 30%
during both the depositing and the etching. The bias power source may be engaged
subsequent engagement of the plasma power source. The densifving may include reducing a
hydrogen content of the flowable film to less than or about 3¢ at.%. The methods may
mclude, subsequent to the densifying, forming a plasma of a conversion precursor. The
methods may include converting the Howable film to a modified film. The conversion

precursor may include a nifrogen-confaining procursor, an OXygen-containing procursor, or a
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carbon-containing precursor. The method may be repeated in a sccond cvele. A temperature
of the semiconductor substrate may be maintained at a temperature of less than or about 20

°C during the method.

{B607]  Some embodiments of the present technology may encompass processing methods.
The methods may include forming a plasma of a sthicon-containing precursor. The plasma of
the silicon-containing precursor may be formed at a first power level from a plasma power
soarce. The methods may include depositing a flowable film on a semiconductor substrate
with plasma effluents of the silicon-containing precursor. The semiconductor substrate may
be housed in a processing region of a semiconducior processing chamber, The
semiconductor substrate may define a feature within the semiconductor substrate. A bias
power may be applied to a substrate support from a bias power scurce. The methods may
include forming a plasma of a hydrogen-containing precursor within the processing region of
the semiconductor processing chamber. The plasma of the hydrogen-contaiming precursor
may be formed at a second power level for the plasma power source. A bias power may be
applied from the bias power source to the plasma of the hydrogen-containing precursor at a
third power level. The methods may include eiching the flowable film from a sidewall of the
feature defined within the semiconductor substrate with plasma effluents of the hydrogen-
containing precursor. The methods may include densifying remaining flowable film within
the feature detfined within the semiconductor substrate with plasma eftluents of the hydrogen-

containing precursor.

{60608} In some cmbodiments, the plasma power source providing the second power level
may be operated continuously whale the bias power source is operated in a pulsing mode at a
frequency of less than or about 1 kHz duning the etching. The bias power source may be
operated at a duty cycle of less than or about 25% durning each of the depositing and the
etching. The etching may fully remove the flowable film from the sidewall of the feature
above a base fill of the feature. The methods may include, subsequent to the densifying,
forming a plasma of a conversion precursor. The methods may include converting the
flowable film to a modified film. The conversion precursor may imchude a nitrogen-
contalning precursor, an oxygen-containing precursor, of a carbon-containing precursor. The

modified film mayv be or include sihcon mitnde, silicon oxide, or silicon carbide.

{009 Some embodiments of the present technology may encompass processing methods.

The methods may include fornung a plasma of a sihicon-containing precursor utthizing a
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pulsed source power and a pulsed bias power. The methods may include depositing a
flowable film on a semiconductor substrate with plasma effluents of the silicon-containing
precursor. The semiconductor substrate may be boused in 3 processing region of a
semiconductor processing chamber. The semiconductor substrate may define a feature within
the semiconductor substrate. The methods may include forming a plasma of a hydrogen-
containing precursor within the processing region of the semiconductor processing chamber
utihizing a pulsed source power and a pulsed bias power. The methods may mnclude ctching
the flowable film from a sidewall of the feature defined within the semiconductor substrate
with plasma effluents of the hydrogen-containing precursor. The methods may inclade
densifying remaiming fowable film within the feature defined within the semiconductor
substrate with plasma effluents of the hydrogen-containing precursor. The methods may
inclode forming a plasma of a conversion precursor. The methods may include converting
the flowable film to a modified film. o some crbodiments, the modified film may be or

mchude silicon and one or more of nitrogen, oxygen, or carbon.

{8016} Such technology may provide numerous benefits over conventional systems and
techniques. Forexample, by performing a treatment during deposition, a quality of maternal
produced within features from the bottom may mprove, which may differentiate the quality
from material on the sidewalls. Additionally, by performing an etch operation according to
embodiments of the present technology, sidewall coverage can be ctched selectively relative
to the higher quality, treated material. These and other embodiments, along with many of
their advantages and features, are described in more detail in conjunction with the below

description and attached figures.

BRIEF DESCRIFTION OF THE DRAWINGS
{86011} A fuwther understanding of the nature and advantages of the disclosed technology

may be realized by reference to the remaining portions of the specification and the drawings.

{6012} FIG. | shows a schematic cross-sectional view of an exemplary processing chamber

according to some embodiments of the present technology.

{06013} FIG. 2 shows exemplary operations in a processing method according to some

embodiments of the present technology.
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{8014} FIGS. 3A-3C show schematic cross-sectional views of a substrate during a

processing according to some embodiments of the present technology.

[B01S]  Several of the figures are included as schematics. Tt is to be understood that the
figares are for llustrative purposes, and are not to be considered of scale unless specifically
stated 1o be of scale. Addutionally, as schematics, the figures are provided to aid
comprehension and may not inchude all aspects or information compared to realistic

representations, and may include exaggerated matenial for dlustrative purposes.

{8016} Inthe appended figures, similar components and/or features may have the same
reference label. Further, vanous components of the same type may be distinguished by
following the reference label by a letter that distinguishes among the similar components. If
only the first reference label is used in the specification, the description is applicable to any

one of the similar components having the same first reference label irrespective of the letter.

DETAILED DESCRIPTION
{8617} Amorphous silicon may be used in semiconductor device manufacturing fora
munber of structures and processes, including as a sacrificial matenial, forexample as a
dummy gate material, or as a trench fill material. Tu gap filling operations, some processing
may utilize flowable films formed under process conditions to Himit conformality of
deposition, which may allow the deposited material to better fill features on the substrate.
Flowable silicon material may be characterized by relatively high amounts of hydrogen, and
may be less dense than other formed films. Consequently, subsequent treatment operations
may be performed to cure the produced films. Conventional technology may utidize a UV
curing process to remove hivdrogen and process the filma. However, UV curing may result in
significant film shnnkage, which may cause stress on features as well as produce voids

within the structure.

{B018]  As feature sizes continue to shrink, flowable films may be challenged for narrow
featares, which may be further characterized by higher aspect ratios. For example, pinching
of the feature mav more readily occur due to deposition on sidewalls of the feature, which in
small feature sizes may further restrict flow further into the feature, and may produce voids.
Additionally, for processes in which conversion of the amorphous silicon may be performed,
expansion of the sidewall matenials during conversion may further restrict access within the

feature. The present technology may overcome these limitations by performing a directional
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treatment of material formed in the feature that may not be performed on material deposited
on the sidewalls. Additionally, the present technology may perform a selective etch and/or
madification of the formed film during a curing operation that is capable of removing the
lower quality material on the sidewalls, while maintaining denser material within the feature.
This may lim#t or prevent sidewall coverage during trench fill, allowing improved fill
operations to be performed. Additionally, conversion operations may be performed
subseguent curing, which may further reduce flow restriction within the feature. After
describing general aspects of a chamber according to some embodiments of the present
technology in which plasma processing operations discussed below may be performed,
specific methodology may be discussed.  is to be understood that the present technology is
not intended to be hinuted to the specific films, chambers, or processing discussed, as the
technigues described may be used to improve a number of film formation processes, and may

be applicable to a variety of processing chambers and operations.

{86151 FIG. 1 shows a cross-sectional view of an exemplary processing chamber 100
according to some embodiments of the present technology. The figure may illustrate an
overview of a systern mcorporating one or more aspects of the present technology, and/or
which may perform one or more deposttion or other processing operations according to
embodiments of the present technology. Additional details of chamber 100 or methods
performed may be described further below. Chamber 100 may be utilized to form film layers
according to some embodiments of the present technology, although it 15 to be understood
that the methods may sinularly be performed in any chamber within which film formation
may occur. The processing chamber 100 may include a chamber body 102, a substrate
support 104 disposed nside the chamber body 102, and a lid assembly 106 coupled with the
chamber body 102 and enclosing the substrate support 104 in a processing volume 120, A
substrate 103 may be provided to the processing volume 120 throagh an opening 126, which
may be conventionally sealed for processing using a slit valve or door. The substrate 103
may be seated on a surface 103 of the substrate support during processing. The substrate
support 104 may be rotatable, as indicated by the arrow 143, along an axis 147, where a shaft
144 of the substrate support 104 may be located. Altematively, the substrate support 104
may be lifted up to rotate as necessary durning a deposition process.

{#0208] A plasma profile modalator 111 may be disposed in the processing chamber 100 to

control plasma distribution across the substrate 103 disposed on the substrate support 104,

The plasma profile modulator 111 may include a first electrode 108 that may be disposed
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adjacent to the chamber body 102, and mway separate the chamber body 102 from other
components of the lid assembly 106. The first electrode 108 may be part of the hid assembly
106, or may be a separate sidewall electrode. The first electrode 108 may be an annwlar or
ring-like member, and may be a ring electrode. The first electrode 108 may be a continuous
foop arcund a circamference of the processing chamber 100 swrrounding the processing
volume 120, or may be discontinuous at selected locations if desired. The first clectrode 108
may also be a perforated clectrode, such as a perforated ring or a mesh clectrode, ormay be a

plate electrode, such as, for example, a secondary gas distributor.

{6021} One or more tsolators 110a, 110b, which may be a dielectric matenial such as a
ceramice or metal oxide, for example aluminum oxide and/or aluminum nitride, may contact
the first electrode 108 and separate the first electrode 108 electrically and thermally from a
gas distributor 112 and from the chamber body 102, The gas distributor 112 may define
apertures 118 for distributing process precursors into the processing volume 120, The gas
distributor 112 may be coupled with a first source of electric power 142, such as an RF
gencrator, RF power source, BC power source, pulsed DC power source, pulsed RF power
source, or any other power source that may be coupled with the processing chamber. In some

embodiments, the first source of electric power 142 may be an RF power source.

{0622}  The gas distributor 112 may be a conductive gas distributor or a non-conductive gas
distributor. The gas distributor 112 may also be formed of conductive and non-conductive
components. For example, a body of the gas distributor 112 may be conductive while a face
plate of the gas distributor 112 may be non-conductive. The gas distributor 112 may be
powered, such as by the first source of clectnic power 142 as shown in FIG. 1, or the gas

distributor 112 may be coupled with ground n some embodiments.

{06023} The first clectrode 108 may be coupled with a first tuning circuxt 128 that may
control a ground pathway of the processing chamber 100, The first tuning circuit 128 may
mchide a first electronic sensor 130 and a first electronic controller 134, The first clectronic
controller 134 may be or inchude a variable capacitor or other circuit elements. The first
tuning circuit 128 may be or include one or more inductors 132, The first tuning circurt 128
may be any circuit that enables variable or controllable impedance under the plasma
conditions present in the processing volome 120 during processing. In some embodiments as
iHustrated, the first taning circuit 128 may include a first circoit leg and a second circuit leg

coupled mn parallel between ground and the first electronic sensor 130, The first circuit leg
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may include a first inductor 132A. The second circuit leg may include a second nductor
1328 coupled in sertes with the first electronic controller 134, The second inductor 1328
may be disposed between the first clectronic controller 134 and a node comnecting both the
first and second circuit legs to the first electronic sensor 130, The first electronic sensor 130
may be a voltage or current sensor and may be coupled with the first electronic controller
134, which may afford a degree of closed-loop control of plasma conditions inside the

processing vohune 120.

{6624} A second electrode 122 may be coupled with the substrate support 104, The second
clectrode 122 may be embedded within the substrate support 104 or coupled with a surface of
the substrate support 104, The second electrode 122 may be a plate, a perforated plate, a
mesh, a wire screen, or any other distribated arrangement of conductive elements. The
second electrode 122 may be a tuning clectrode, and may be coupled with a second tuning
circutt 136 by a conduit 146, for example a cable baving a selected resistance, such as 50
ohms, for example, disposed i the shaft 144 of the substrate support 104, The second tuning
circuit 136 may have a second electronic sensor 138 and a second electronic controller 140,
which may be a second vanable capacitor. The second electronic sensor 138 mavbea
voltage or current sensor, and may be coupled with the second electronic controller 140 1o

provide further control over plasma conditions in the processing volume 120

{86251 A third electrode 124, which may be a bias electrode and/or an electrostatic
chucking electrode, may be coupled with the substrate support 104, The third electrode may
be coupled with a second source of electric power 150 through a filter 148, which may be an
topedance matching circuit. The second source of electric power 150 may be DC power,
pulsed DC power, RF bias power, a pulsed RF source or bias power, or a combination of
these or other power sources. In some embodiments, the second source of electric power 150

may be an RF bias power.

{88261 The lid assembly 106 and substrate support 104 of FEG. 1 may be used with any
processing chamber for plasma or thermal processing. In operation, the processing chamber
100 may afford real-time control of plasma conditions in the processing volume 120, The
substrate 103 may be disposed on the substrate support 104, and process gases may be flowed
through the Hd assembly 106 using an inlet 114 according to any desired flow plan. Inlet 114
may include delivery from a remote plasma source unit 116, which may be fluidly coupled

with the chamaber, as well as a bypass 117 for process gas delivery that may not flow through
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the remote plasma source unit 116 in some embodiments. Gases may exit the processing
chamber 100 through an oatlet 152, Electric power may be coupled with the gas distributor
112 to cstablish a plasma in the processing volume 120, The substrate may be subjected to an

electrical bias using the third clectrode 124 in some embodiments.

{6027}  Upon cnergizing a plasma in the processing volume 129, a potential difference may
be established between the plasma and the first clectrode 108, A potential difference may
also be established between the plasma and the second electrode 122, The electronic
controllers 134, 140 may then be used to adjust the flow properties of the ground paths
represented by the two tuning circutts 128 and 136, A sct point may be delivered to the first
taning circuit 128 and the second tuning circurt 136 to provide independent control of
deposition rate and of plasma density sniformity from center to edge. In embodiments where
the electronic controllers may both be variable capacitors, the electronic sensors may adjust
the variable capacitors to maximize deposition rate and mininmize thickness non-unitormity

independently.

{6028} FHach of the tuning circuits 128, 136 may have a variable mmpedance that may be
adjusted using the respective electronic controllers 134, 140, Where the electronic controliers
134, 140 are variable capacitors, the capacitance range of cach of the variable capacitors, and
the inductances of the first inductor 132A and the second inductor 1328, may be chosen to
provide an impedance range. This range may depend on the frequency and voltage
characteristics of the plasma, which may have a mimimum in the capacitance range of cach
variable capacitor. Hence, when the capacitance of the first electronic controller 134 isata
mintmum or maxium, vnpedance of the first tuning circuit 128 may be high, resulting ina
plasma shape that has a mimimum aenial or lateral coverage over the substrate support. When
the capacitance of the first electronic controller 134 approaches a value that minimizes the
impedance of the first tuning circuit 128, the aerial coverage of the plasma may grow to a
maximum, effectively covering the entite working arca of the substrate support 104, Asthe
capacitance of the first electronic controller 134 deviates from the minimum mmpedance
setting, the plasma shape may shrink from the chamber walls and aerial coverage of the
substrate support may decline. The second clectronic controller 140 may have a sinular
effect, increasing and decreasing aerial coverage of the plasma over the substrate support as

the capacitance of the sccond electronic controller 140 may be changed.



Pt
v

20

30

WO 2023/038837 PCT/US2022/042246
10

[8028] The clectronic sensors 130, 138 may be used to tune the respective circuits 128, 136
i a closed loop. A set point for current or voltage, depending on the type of sensor used,
may be mstalled mn each sensor, and the sensor may be provided with control software that
determines an adjustment to each respective electronic controller 134, 140 to minuze
deviation from the set point. Consequently, a plasma shape may be selected and dynamically
controlled during processing. It is to be understood that, while the foregoing discussion is
based on clectronic condroliers 134, 140, which may be variable capacitors, any electronic
component with adjustable characteristic may be used to provide tuning circuits 128 and 136

with adjustable impedance.

{3038] Processing chamber 100 may be utilized in some embodiments of the present
technology for processing methods that may include formation, treatment, etching, or
conversion of materials for semiconductor structures. It is to be understood that the chamber
described 15 not to be counsidered Houting, and any chamber that may be configured to
perform operations as described may be similarly used. FIG. 2 shows exemplary operations
in a processing method 2006 according to some embodiments of the present technology. The
method may be performed in a vanety of processing chambers and on one or more
mamframes or tools, including processing chamber 100 described above. Method 200 may
mnclade a mumber of optional operations, which may or may not be speaifically associated
with some embodiments of methods according to the present technology. For example, many
of the operations are described in order to provide a broader scope of the structural formation,
but are not critical to the technology, or may be performed by alternative methodology as
would be readily appreciated. Method 200 may describe operations shown schematically in
FIGS. 3A-3C, the illustrations of which will be described in conjunction with the operations
of method 200, 1t is to be understood that the figures Hlustrate only partial schematic views,
and a substrate may contain any noumber of additional maternials and features having a variety

of characteristics and aspects as Hlustrated in the figures.

{8631} Method 200 may include additional operations prior to imtiation of the histed
operations. For example, additional processing operations may include forming structures on
a senuconductor substrate, which may include both forming and removing material. For
example, transistor stracturcs, memory structures, or any other structures may be formed.
Prior processing operations may be performed in the chamber in which method 200 may be
performed, or processing may be performed in one or more other processing chambers prior

to delivering the substrate mto the scmiconductor processing chamber or chambers tn which
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method 200 may be performed. Regardless, method 200 may optionally include dehivering a
semiconductor substrate to a processing region of a semiconductor processing chamber, such
as processing chamber 100 deoscribed above, or other chambers that may include components
as described above. The substrate may be deposited on a substrate support, which may be a
pedestal such as substrate support 104, and which may reside in a processing region of the

chamber, such as processing volume 120 described above.

{86321 A substrate on which several operations have been performed may be substrate 305
of a structure 300, which may show a partial view of a substrate on which semiconductor
processing may be performed. it is to be understood that structure 300 may show ounly a few
top lavers during processing to illustrate aspects of the present technology. The substrate 305
may include a material in which one or more features 310 may be formed. Sobstrate 305 may
be any number of materials used 1o semiconductor processing. The substrate material may be
or include silicon, germamum, diclectric materials meluding silicon oxide or silicon nitride,
metal materials, or any number of combinations of these materials, which may be the
substrate 305, or materials formed in structure 300, Features 310 may be characterized by
any shape or configuration according 1o the present technology. In some embodiments, the

features may be or include a trench structure or aperture formed within the substrate 305

{6633} Although the features 310 may be characterized by any shapes or sizes, in somge
embodiments the features 310 may be characierized by higher aspect ratios, or a ratio of a
depth of the feature to a width across the feature. For example, in some embodiments
features 310 may be charactenized by aspect ratios greater than or about 5: 1, and may be
characterized by aspect ratios greater than or about 10: 1, greater than or about 15:1, greater
than or about 20:1, greater than or about 25:1, greater than or about 30:1, greater than or
about 40:1, greater than or about 501, or greater. Additionally, the features may be
characterized by narrow widths or diameters across the feature including between two
sidewalls, such as a dimension less thao or about 20 nm, and may be characterized by a width
across the feature of less than or about 15 nm, less than or about 12 nm, less than or about 10
o, less than or about 9 nm, less than or about 8 nm, less than or about 7 nm, less than or

about 6 nm, less than or about § num, or less.

{8034]  In some embodiments, method 200 may include optional treatment operations, such
as a pretreatment, that may be performed to prepare a surface of substrate 305 for deposition.

Once prepared, method 200 may include delivering one or mote precursors (o a processing
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region of the semiconductor processing chamber housing the structure 300. The precursors
may include one or more silicon-containing precursors, as well as one or more diluents or
carrier gases such as an inert gas or other gas delivered with the silicon-contatnung precursor.
A plasma may be formed of the deposition precursors including the sihcon-containing
precursor at operation 203, The plasma may be formed within the processing region, which
may allow deposition materials to deposit on the substrate. For example, in some
cmbodiments a capacitively-coupled plasma may be formed within the processing region by

applying plasma power to the faceplate as previously described.

{B035] A silicon-contamning material may be deposited on the substrate at operation 210
from plasma effluents of the silicon-contaiming precursor. The matenal may be a flowable
silicon-contaiming material in some embodiments, which may be or inchude amorphous
silicon. The deposited materials may at least partially flow into the features on the substrate
to provide a bottom-up type of gap il As ilhustrated in FIG. 3A, material 315 may be
deposited on the substrate 305, and may flow into trenches or features 310, As illustrated, the
deposited material 315 may flow into the bottom of the teature, although an amournt of
material may rematn on the sidewalls of the substrate as iHlustrated with material 317, as well
as material on top of, or between, features, as tlustrated with material 319, Although the
amount deposited may be relatively small, the remaining material on the sidewalls may limit
subsequent flow. Additionally, f a conventional conversion were performed of the deposited
material, such as a conversion to silicon nitride for example, the conversion would involve an
expansion of the film. For reduced dimension features, the residual material formed on the
sidewalls may be converted and expand cutward towards an opposite sidewall. This may

cause the feature to be pinched off. which may form voids within the foature.

{B036] The power applied during deposition may be a lower power plasma, which may
imit dissociation, and which may mamtain an amount of hydrogen incorporation in the
deposited materials. This tncorporated bvdrogen may contribute to the flowability of the
materials deposited. Additionally, unlike conventional technologies, the present technology
may incorporate a bias process, which may produce a treatment to the deposited film during
the deposition operations. The process may include utilizing a source power, such as coupled
with the faceplate or showerhead as previously described, as well as utilizing a bias power,
such as applied through the substrate support as discussed above. The source power may be
used to perform a controlied dissociation of the silicon-containing precursor, which may hmit

dissociation and allow longer maternial chains to be formed. When these matenials contact the
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substrate, the longer chain silicon-containing materials may have increased flowability, which

may improve bottom-up il

{8037} The source power may be pulsed, and the duty ¢vele may be reduced, which may
further reduce the effective plasma power in some embodiments. For example, the source
power may be apphied at any higher frequency, such as greater than or about 10 MHz, greater
than or about 13 MHz, greater than or about 15 MHz, greater than or about 20 MHz, or
higher. The plasma power source may deliver a plasma power to the faceplate of less than or
about 300 W, and may deliver a power of less than or about 250 W, less than or about 200 W,
less than or about 150 W, less than or about 100 W, less than or about 50 W, or less.
Additionally, the source power may be pulsed at a pulsing frequency of 20 kHz or less, such
as less than or about 15 kHz, less than or about 12 kHz, less than or about 10 kHz, less than
or about 8 kHz, or less. Additionally, the pulsing duty cycle may be applied at less than or
about 50%, and may be applicd at less than or about 40%, less than or about 309, less than or
about 20%, less than or about 10%, less than or about 5%, less than or about 1% or less. This

may limit the silicon precursor dissociation, and improve long-chain formation.

{B038]  In some embodiments, fo facilitate dissociation and deposition, the deposttion
precursors may include one or more inert gases, such as argon and/or helium, which may help
improve dissociation. Additionally, in some embodiments the deposition precursors may
inchude diatomic hydrogen, which may be flowed to facilitate 3 treatment process durning the
deposition, and which may be aided by the bias power provision. For example, hydrogen
may be delivered with the silicon-containing precursor at a flow rate ratio of the hydrogen to
the silicon~contatning precursor of greater than or about 0.5: 1, and may be delivered at a flow
rate ratio of greater than or about 1.1, greater than or about 1.5:1, greater than or about 2: 1,
greater than or about 2.5:1, greater than or about 3.0:1, greater than or about 3.3:1, greater

than or about 4.0: 1, or more.

{8635} The hydrogen may also be dissociated in the plasma generated, and may be further
activated by utilizing a bias power delivery. For example, in some embodiments, a bias
power source may be operated at a lower frequency than the source power, and may be
operated at less than or about 10 MHz, less than or about 5 MHz, less than or about 2 MHz,
or less. The power supply may be operated at a power of less than or about 300 W, and may
be operated at less than or about 450 W, less than or about 400 W, less than or about 350 W,

or less. The bias power may create an amount of directionality of eftluent movement, and
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may allow lighter hydrogen radicals to fusther dissociate argon and/or helium, which may be
directed more specifically downward at the stractare. The lower frequency power may also
unpart additional energy to the 1ons as they travel i more straight-line paths down to the

substrate.

{6040} These bvdrogen and tert gas radical species may transfer energy to materials along
surfaces normal to the direction of travel, such as material along the bottom of features and
along the top of features, such as material 315 and 319. The energy may help release excess
hyvdrogen, which may densify the film in these locations. As sHlustrated in FIG. 3B, while the
material 317 along the sidewalls may not be impacted, or may have imited changes, the
matental 315 and 319 may be densified, which may improve the quality of the materials.
Consequently, in some embodiments, material along the top and bottom of the structure may
be characterized by a higher quality, which may include an increased density, over material

that may have deposited along sidewalls of the features.

{0041} However, by utilizing a bias power, the deposition plasma may be characterized by
an increased power, which may further dissociate the silicon-containing precursor and reduce
flowability. Accordingly, to linut this effect, the bias power may also be pulsed at a pulsing
frequency of less than or about 10 kHz, and may be pulsed at a frequency of less than or
about 5 kHz, less than or about 1 kHz, less than or about 300 Hz, less than or about 100 Hz,
less than or about 50 Hz, less than or about 10 Hz, or less. Additionally, the duty cycle may
be operated at fess than or about 50%, and may be operated at less than or about 40%, less
than or about 30%, less than or about 20%, less than or about 10%, less than or about 5%, or
about 1%, which may further reduce the impact of the bias power. By operating the bias
power at very low pulsing frequency and duty cycle, the bias power may be utilized to
merease film quality at the top of the structure and at the bottom of the feature, while limiting
an impact on any other deposttion charactenstics. Additionally, by utilizing a low power, the
hyvdrogen may not be eonergized sufficiently to cause etching of the deposited material, or fead

to spuitering of the material based on bombardment of the inert gas effluents.

{0042]  Subscguent an amount of deposition, i some crabodiments of the present
technology an etching and/or modifving process may be performed that 1s configured 1o etch
back the formed material selectively and modifving the remaining material. This process
may be performed in the same chamber as the deposition, and may be performed in a cychic

process to fill the feature. In some enboduments the silicon-containing precursor flow may
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be halted and the processing region may be purged. The flow of inert gases, such as argon
and/or heliam, may also be halted. Sabsequent a purge, a hvdrogen-containing precursor
may be flowed nto the processing region of the processing chamber. In some embodiments,
the modification process may only mclude a hvdrogen-contaiming precursor, which may be
diatomic hydrogen in some embodiments. A modification plasma may be formed at
operation 215, which may also be a capacitively-coupled plasma formed within the
processing region, although v some crabodiments an inductively-coupled plasma ray

similarty be apphed.

{6043}  Similarly to the deposttion process, during the ctehing operation, an additional
power source may be engaged and coupled with the substrate support as previously described
to provide a bias to the plasma generated above the substrate. Accordingly, the etch process
may also include both source power and bias power. This may draw plasma effluents to the
substrate, which may bombard the film and cause densification of the deposited materials,
especially the materials that have already been at least partiallv improved by the treatment
performed during deposition. Although any hydrogen-containing material may be used, in
some embodiments diatomic hydrogen may be used as the hydrogen-containing precursor to
produce the etching plasma. The hydrogen radicals and 1ons may readily penctrate the
materials formed within the trench, and may release incorporated hydrogen from the film
causing densification. The bias power applied may be relatively low to limit sputtering of the
produced film as well as to lout any potential damage to the structure.  Additionally, by
adjusting the source power and the bias power applied, an etching operation may be
performed, which may reduce sidewall coverage of the deposited matenial while limiting an

ct¥ect on the previously treated matenials.

{#044] Diatomic hyvdrogen, or any other hydrogen-containing material, may be atilized to
generate a plasma within the processing region by delivering power to the faceplate from the
plasma power source. The plasma power in some embodiments may be greater than a plasma
power used during the deposition, both from the source power and the bias power. For
example, the plasma source power delivered may be greater than or about 100 W, and may be
greater than or about 200 W, greater than or about 300 W, greater than or about 400 W,
greater than or about 300 W, or more. By increasing the plasma power during the treatment
plasma formation, a greater amount of plasma efflaenis may be generated. However, as
plasma power increases, the amount of material etched from the botiom of the structure may

also increase. Accordinglv, in some embodiments the plasma source power may be
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maintaned at loss than or about 500 W, and may be maintamned at less than or about 400 W,
less than or about 300 W, or less. Additionally, aspects of the bias power may also be
adjusted. For example, in some freatment operations the bias power may be higher than the
plasma source power, which may provide enough power to the plasma to ensure etching of
5 lower quality materials cocurs, such as materials along the sidewalls that may not have been

treated during the deposition operation.

{8045} Applying greater bias power may increase an ability of the hydrogen to etch
deposited materials. While the tias power during deposition may be reduced to limit an
ctching effect, during the modification operation a bias power, which may be at any of the
10 frequencies noted above, may be increased to greater than or about SO0 W, and may be
wcreased to greater than or about 800 W, greater than or about 1000 W, greater than or abowut
200 W, greater than or about 1400 W, greater than or about 1600 W, greater than or about
1800 W, or more. However, because the bias power may impart directionality, the bias

power may be pulsed as discussed below, which may provide etching of the lower quality

Pt
v

material, while maintaining the material previously treated, and which may modify and/or
densify the material. The plasma efflucots may then etch the flowable filin at operation 220,
and may remove the flowable film from the sidewalls of the trench. Simultaneously, and
beneficially, plasma effluents delivered more directionally may penetrate the remaining film
formed at the bottom of the feature, and may reduce hydrogen imcorporation to densify the
20 film at optional operation 225, As dllustrated m FIG. 3C, material 317 may be removed from
sidewalls and overhang regions of the substrate 305, which may maimtain the deposited
material at bottom regions of the feature and along the top region of the structure. As an
added benefit, the densified material 319 at the top of the structure may also protect the
underlying material from damage by limiting any impact on the materials. The process may
25  also provide a reduced hydrogen incorporation in the remaining material, such as a hydrogen
incorporation of less than or about 40 at. %, and may provide a reduced hydrogen
mcorporation of less than or about 35 at. %, lgss than or about 30 at. %, less than or about 23
at. %, less than or about 20 at %6, less than or about 15 at 96, less than or about 10 at.96, less

than or about 5 at.%, or less.

36 [oB4s] Additional adjustments may be made to further merease etching of deposited
material along sidewalls of the features by adjusting one or more characteristics of the plasma

power or bias power being supplied. For example, in some embodiments both the plasma

power source and bias power source may be operated in a continuous wave maode.
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Additionally, one or both of the power sources may be operated in a pulsed mode. In some
embodiments, the source power may be operated in a continuous wave mode while the biag
power s operaied in a pulsed mode. A pulsing frequency for the bias power may be any of
the pulsing frequencies discussed previously. The duty cyele of the bias power may be less
than or about 75%, and the bias power may be operated at a duty cycle of less than or about
70%, less than or about 60%, less than or about 50%, less than or about 40%, less than or
about 30%, less than or about 20%, less than or about 10%, less than or about 5%, or lgss.
By operating the bias power for a reduced duty cvele, such as an on-time duty of less than or
about 50%, a greater amount of time per cyele may be performing a more isotropic etch
within the feature, such as during the off time, which may better remove material from the

sidewalls.

{6647} Additional power configurations may also include an amount of syachronization of
the source power and the bias power 1n a master/slave relationship. For example, both power
supplics may be operated m a pulsing orientation, and the bias power may be synchromzed to
engage after the source power has been engaged at cach pulse. A level-to-fevel pulsing
scheme may also be apphied. For example, during the on duty of the bias power, the source
power may be operated at a first plasma power. During the remainder of the cyele where the
bias power s off, the source power may be operated at a second plasma power, which may be
greater than the first plasma power. This may both increase isotropic etching by removing
the bias-induced directionality, and may also increase etching characteristics of the 1sotropic
etch. The deposition and etch processes may be repeated any number of times m cveles to fill
a feature in embodiments of the present technology, which may fill a feature with amorphous

silicon.

{B048] Additionally, in some embodiments where the silicon may be sought to be
converted within the feature, the cycling may also include a conversion operation. By
converting during each cycle, penetration issues through the feature may be fully resclved.
Also, by performing a conversion operation subsequent to the curing and
ctching/modification, deposited material may be removed from the sidewalls prior to
conversion, which may limit film expansion laterally within the trench or feature between
sidewalls as previously deseribed. The conversion may be performed in a different chamber
from the deposition and treatment, although in some embodiments two or more, including adl
operations, may be performed within a single processing chamber. This may reduce queue

times over conventional processes,
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{06645} Method 200 may also optionally include conversion of the amorphous silicon to
another material. For example, subsequent to the etching and densifving, one or more
conversion precursors may be deltvered to the processing region of the chamber. For
example, a nitrogen-containing precursor, an oxygen-containing precursor, and/or a carbon-
containing precursor may be delivered to the processing region of the chamber, along with
any carrier or diluent gases. A plasma may be formed of the conversion precursor, which
may then contact the amorphous silicon material withun the feature. At optional operation
230, plasma efflucnts of the conversion precursor may interact with the amorphous silicon
material within the trench, and convert the material to silicon nitride, silicon oxide, silicon
carbide, silicon oxynitride, silicon oxycarbide, silicon carbon nitride, or silicon
oxycarbonitride, along with any other materials that may be used to convert amorphous
sificon films. The plasma power may be similar {o powers previously stated, and may be
from about 100 W up to about 1,000 W or more for a capacitively-coupled svstem, as well as
up to 10 kW or more for an mductively-coupled plasma system, for example, although any

type of conversion may also be performe

{6056} Although the deposition may be formed to several nanometers or more, by
performing an etch process as previously described, the thickness of densified material may
be controlied to be at a thickness of less than or about 500 A, and may be less than or about
450 A, fess than or about 400 A, less than or about 350 A, less than or about 300 A, less than
or about 230 A, less than or about 200 A, less than or about 150 A, less than or about 100 A,
less than or about 50 A, or less. By controlling the thickness of the deposited material,
conversion through the entire thickness may be performed more readily, and penetration
issues commo in conventional processes may be resolved. After a conversion of deposited
material, the process may then be fully repeated to continue to produce the converted maternial

up through the feature.

{60651}  Anv mumber of precursors may be used with the present technology with regard to
the deposition precursors used during any of the formation operations. Silicon-containing
precursors that may be used during any silicon formation, silicon oxide formation, or silicon
nitride formation roay include, but are not luntted to, silane (SiH4), distlane (Si2Ho), trisilane,
or other organosilanes including cvelohexasilanes, silicon tetrafluornide (51F4), sithicon
tetrachloride (51Cla}, dichlorosilane (SiHCL), tetraethyi orthosilicate {TEQOS), as well as any
other silicon-containing precursors that may be used in silicon-containing film formation. By

utihizing higher order silanes, longer material chains may be produced, which may increase
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flowability in some embodiments. The sihicon-containing material may be nitrogen-free,
oxygen-free, and/or carbon-free in some embodiments. Oxygen-contaiming precursors used
n any operation as described throughout the present technology may mehude Go, NoQ, NO»,
O, FRO, as well as any other oxygen-containing precursors that may be used m silicon oxide
filin formation, or other film formation. Nitrogen-containing precursors used in any
operation may include Nz, N2, NG», NHj, NoHo, as well as any other nitrogen-containing
precursor that may be used 1o silicon nitride film formation. Carbon-containing precursors
may be or include any carbon-containing material, such as any hvdrocarbon, or any other
precursor including carbon. In any of the operations one or more additional precursors may
be included, such as inert precursors, which may include Ar, He, Xe, Kr, or other materials

such as nrtrogen, ammmonia, bvdrogen, or other precursors.

{6652]  Temperature and pressure may also impact operations of the present techuology.
For example, in some embaodiments to faciiutate film flow, the process may be performed at a
temperature below or about 20 °C, and may be performed at a temperature less than or about
G °C, less than or about -20 °C, less than or abowut 30 °C, less than or about -75 °C, less than
or about ~-100 °C, or lower. The temperature may be maintained in any of these ranges

g as well as the conversion.

throughout the method, including during the treatment and etching,
Pressure within the chamber may be kept relatively low for any of the processes as well, such
as at a chamber pressure of less than or about 20 Torr, and pressure may be maintained at less
than or about 15 Torr, less than or about 10 Torr, less than or about 5 Torr, less than or about
3 Torr, less than or about 2 Torr, less than or about 1 Torr, less than or about 0.1 Torr, or less.
By performing processes according to some embodiments of the present technology,

improved fill of narrow features utilizing silicon-containing meterials may be produced.

{053} In the preceding description, for the purposes of explanation, mumerous details have
been set forth m order to provide an vnderstanding of various embodiments of the present
technology. It will be apparent to one skilled in the art, however, that certain embodunents

may be practiced without some of these details, or with additional details.

{0054] Having disclosed several embodiments, # will be recognized by those of skill in the
art that various modifications, alternative constructions, and equivalents mayv be used without
departing from the spirit of the embodiments. Additionally, a number of well-known

processes and elements have not been descnibed in order to avoid vnnecessarily obscoring the

present tochnology. Accordingly. the above description should not be taken as limiting the
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scope of the technology. Additionally, methods or processes may be described as sequential
or in steps, but it is 1o be understood that the operations may be performed concurrently, or in

different orders than listed.

{B655]  Where arange of values is provided, it is anderstood that cach intervening value, to
the smallest fraction of the unit of the lower limit, unless the context clearly dictates
otherwise, between the upper and lower Himits of that range s also specifically disclosed.
Any narrower range between any stated values or unstated intervening vahses in a stated
range and any other stated or intervening value in that stated range is encompassed. The
upper and lower himits of those smaller ranges may independently be included or excluded in
the range, and ecach range where either, neither, or both himuts are included in the smaller
ranges is also encompassed within the technology, subject to any specifically excluded limit
in the stated range. Where the stated range includes one or both of the hmiis, ranges

gxcluding either or both of those included hmits are also included.

{0056]  As uscd herein and in the appended claims, the singular forms “a”, “an”, and “the”
include phural references unless the context clearly dictates otherwise. Thus, for example,
reference to “a precursor” includes a plurality of such precursors, and reference to “the layver”
mncludes reference to one or more layers and equivalents thergof known to those skilled in the

art, and so forth.

{80857} Also, the words “comprise(s)”, “comprising”, “contain(s}”, “containing”,
“include(s)”, and “including”, when used in this specification and in the following ¢laims, are
ntended to specify the presence of stated features, integers, components, or operations, but
they do not preclude the presence or addition of one or more other features, integers,

components, Operations, acts, or groups.
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CLAIMS:
i I A processing method compnising:
2 forming a plasma of a silicon-containing precursor, wherein the plasma of the
3 silicon-containing precursor is formed at a first power level from a plasma power source;
4 depositing a flowable film on a semiconductor substrate with plasma effluents
5 ofthe silicon-contaming precursor, wherein the semiconductor substrate is housed in a
6 processing region of a semiconductor processing chamber, wherein the semiconductor
7 substrate defines a feature withan the semiconductor subsirate, wherein the processing region
& 15 at least partially defined between a faceplate and a substrate support on which the
9 semiconductor substrate 1§ seated, and wherein a bias power 1s applied to the substrate
10 support from a bias power source,
1 forming a plasma of a hydrogen-containing precursor within the processing

12 region of the semiconductor processing chamber, wherein the plasma of the hvdrogen-

13 containing precursor ts formed at 3 second power level from the plasma power source, and
14 wherein a bias power is applied to the substrate support from the bias power source at a third
15 power level greater than the second power level;

16 ctching the flowable film from a sidewall of the feature within the

7 semiconductor substrate with plasma efflucunts of the hvdrogen-containing precursor; and

18 densifying rematning flowable fibw within the feature defined within the

19 semiconductor substrate with plasma effluents of the hydrogen-containing precursor.

i 2. The processing method of claim 1, wherein the feature within the
2 senuconductor substrate is characterized by an aspect ratio of greater than or about 5.1, and

[F'8]

wherein the feature is characterized by a width across the feature of less than or about 10 am.

i 3. The processing method of claim 1, whergin the bias power source is
2 operated in a pulsing mode at a pulsing frequeney of less than or about 1 kHz during both the

3 depositing and the etching.

i 4. The processing method of claim 3, wherein the plasma power source 18

(393

operated i a continnous wave mode while the bias power source 1s operated 1n the pulsing

3 mode daring the etching.
i 5. The processing method of claim 3, wherein the bias power source is
2 operated at a duty cyele of less than or about 50% durning both the depositing and the eiching.
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5. The processing method of claim 1, wherein the bias power source is

engaged subsequent engagement of the plasma power source.

7. The processing method of claim 1, wherein the densifying comprises

reducing a hyvdrogen content of the flowable film to less than or about 30 at.%.

8. The processing method of claim 1, further comprising:
subseguent to the densifying, forming a plasma of a conversion precursor; and

converting the flowable film to a modified film.

9. The processing method of claim 8, wherein the conversion precursor
comprises a nitrogen-containing precursor, an oxXygen-containing precursor, or a carbon-

contalning precursor.

10, The processing method of claim 8, wherein the method 15 repeated in a

second cycle.

1. The processing method of clamm 8, wherein a temperature of the
semiconductor substrate s maintained at a temperature of less than or about 20 °C during the

method.

12, A processing method comprising:

forming a plasma of a silicon-containing precursor, wherein the plasma of the
silicon-containing precursor is formed at a first power level from a plasma power source;

depositing a flowable film on a semiconductor substrate with plasma effluents
of the silicon-containing precursor, wherein the semiconductor substrate is housed in a
processing region of a semiconductor processing chamber, wheren the semiconductor
substrate defines a feature within the senuconductor substrate, and wherein a bias power is
applied o a substrate support from a bias power souree;

forming a plasma of a hydrogen-containing precursor within the processing
region of the semiconductor processing chamber, wherein the plasma of the hvdrogen-
containing precursor is formed at a second power level for the plasma power source, and
wherein a bias power is applied from the bias power source to the plasma of the hydrogen-

containing precursor at a third power level;
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etching the flowable film from a sidewall of the feature defined within the
semiconductor subsirate with plasma effluents of the hydrogen-contaiming precursor; and
densifying remaining Howable film within the feature defined within the

semiconductor substrate with plasma effluents of the hyvdrogen-contaming precursor.

i3 The processing method of claim 12, wherein the plasma power source
providing the second power level 1s operated continuously while the bias power source is

operated in a pulsing mode at a frequency of less than or about 1 kHz during the etching.

t4. The processing method of claim 13, wherein the bias power source is
operated at a duty cycle of less than or about 25% during cach of the depositing and the

ctching.

15, The processing method of ¢laim 12, wherein the etching fully removes

the flowable film from the sidewall of the feature above a base fill of the feature.

i6. The processing method of claim 12, further comprising:
subsequent to the densifving, forming a plasma of a conversion precursor; and

converting the flowable film to a modified film.

17.  The processing method of claim 16, wherein the conversion precursor
COMPIISEs a pitrogen-containing precursor, an oxXygen-containing procursor, of a carbon-

COntaining precursor.

18.  The processing method of claim 17, wheremn the modified film

coraprises silicon nitride, silicon oxide, or silicon carbide.

9. A processing raethod comprising:

forming a plasma of a silicon-containing precursor utilizing a pulsed source
power and a pulsed bias power;

depositing a flowable film on a semiconductor substrate with plasma efffuenis
of the slicon-contaming precursor, wherein the senviconductor substrate is housed ina

processing region of a semiconducior processing chamber, wherein the semiconductor

substrate defines a feature within the semiconducior substrate;
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forming a plasma of a hydrogen-containing precursor within the processing
region of the semiconductor processing chamber utilizing 3 pulsed source power and a pulsed
bias power;

eiching the flowable film from a sidewall of the feature defined within the
semiconductor substrate with plasma effluents of the hydrogen-containing precursor;

densifying remaining flowable film within the feature defined within the
semiconductor substrate with plasma ¢ffluents of the hyvdrogen-containing precursor;

forming a plasma of a conversion precursor; and

converting the flowable film to a modified film.

20.  The processing method of claim 19, wherein the modified film

comprises silicon and one or more of nitrogen, oxygen, or carbon.



