WO 2019/173624 PCT/US2019/021205

A METHOD FOR S1 GAP FILL BY PECVD

BACKGROUND
Field

[0001} Embodiments of the present disclosure relate {o methods of forming

gap fill materials on a substrate.

Description of the Related Art

[0002} In semiconductor processing, devices are being manufactured with
continually decreasing feature dimensions. Often, features utilized to
manufacture devices at these advanced technology nodes include high aspect
ratio structures and it is often necessary o fill gaps between the high aspect ratio
structures with a gap fill material, such as an insulating material. Examples
where insulating materials are utilized for gap fill applications include shaliow

french isolation (8T!), inter-metlal dielectric layers (LD}, pre-metal dielectrics

(PMD), passivation layers, patiering applications, etc. As device geometries
shrink and thermal budgets are reduced, void-free filling of high aspect ratio
spaces becomes increasingly difficull due to limitations of existing deposition

processes.

0003} Gap fill materials may be deposited by various deposition processes,
for example flowable chemical vapor deposition (FCVD). The as-deposiled gap
fill materials by FCVD are usually of poor quality, characterized by high wet eich
rate ratio (WERR) and high stress, and require subsequent processes, such as

curing and/or annealing, to improve the quality of the gap fill materials.

(0004} Therefore, there is a need for improved processes for forming gap fill

materials.

SUMMARY

[0005] Embodiments of the present disclosure relate {o methods of forming

gap fill materiais on a substrate. In one embodiment, a method includes heating
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a substrate disposed in a process chamber to a temperature ranging from about
160 degrees Celsius to about 650 degrees Celsius, flowing a silane-containing
precursor into the process chamber, and depositing a first amorphous silicon
layer on a bottom of a feature formed in the substrate and a second amorphous
silicon layer on a surface of the substrate. A first portion of each sidewall of the
feature is in contact with the first amorphous silicon layer and a second portion of
each sidewall is exposed. The method further includes removing the second

amorphous silicon layer.

[00086] in another embodiment, a method includes heating a subsirale
disposed in a process chamber to a temperaiure ranging from about 200 degrees
Celsius to about 550 degrees Celsius, flowing silane or disilane into the process
chamber, forming a plasma in the process chamber, and depositing a first
amorphous silicon layer on a bottom of a feature formed in the subsirate and a
second amorphous silicon fayer on a surface of the substrate. A first portion of
each sidewall of the feature is in contact with the first amorphous silicon layer

and a second portion of each sidewall is exposed.

[66873 in  another embodiment, a8 method includes depositing a first
amorphous silicon fayer on a botiom of a feature formed in a substrate and a
second amorphous silicon layer on a surface of the substrate. A first portion of
each sidewall of the feature is in confact with the first amorphous silicon layer
and a second portion of each sidewall is exposed. The depositing the first and
second amorphous silicon layers includes heating the substrate disposed in a
process chamber {0 a temperature ranging from about 150 degrees Celsius {o
about 650 degrees Celsius, and flowing a silane-containing precursor into the
process chamber. The method further includes removing the second amorphous
silicon fayer, and repeating the depositing the first and second amorphous silicon
layers and removing the second amorphous silicon layer until the feature is filled

with amorphous silicon.
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BRIEF DESCRIPTION OF THE DRAWINGS

o008} So that the manner in which the above recited features of the present
disclosure can be undersicod in detail, a more particular description of the
disclosure, briefly summarized above, may be had by reference {o embodiments,
some of which are illustraled in the appended drawings. |t is to be noted,
however, that the appended drawings illustrate only typical embodiments of this
disclosure and are therefore not io be considered limiting of scope, for the

disclosure may admit {o other equally effective embodiments.

(0009} Figures 1A — 1F schematically iliustrate a process for forming gap fill

materials on a substrate according to one embodiment described herein.

(0010} 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 in other embodiments without specific recitation thereof with

respect thereto.

DETAILED DESCRIPTION

(0011} Embodiments of the present disclosure relate to processes for filling
frenches. The process includes depositing a first amorphous silicon iayer on a
surface of a layer and a second amorphous silicon layer in a portion of a trench
formed in the layer, and portions of side walls of the trench are exposed. The
first amorphous silicon layer is removed. The process further includes depositing
a third amorphous silicon layer on the surface of the layer and a fourth
amorphous silicon layer on the second amorphous silicon layer. The third
amorphous silicon layer is removed. The depositionfremoval cyclic processes
may be repeated uniil the trench is filled with amorphous silicon layers. The
amorphous silicon layers form a seamiess amorphous silicon gap fill in the french

since the amorphous silicon layers are formed from bottom up.



WO 2019/173624 PCT/US2019/021205

[06012] A “substrate” as used herein, refers to any substrate or maierial
surface formed on a substrate upon which film processing is performed during a
fabrication process. For example, a substrate surface on which processing can
be performed include materiais such as silicon, silicon oxide, strained silicon,
siicon on insulator (S01), carbon doped silicon oxides, amorphous silicon, doped
silicon, germanium, gallium arsenide, glass, sapphire, and any other materials
such as metals, metal nitrides, metal alloys, and other conductive materials,
depending on the application. Substrates  include, without limitation,
semiconductor wafers. Substrates may be exposed to a pretreatment process o
polish, eich, reduce, oxidize, hydroxylaie, anneal and/or bake the substrate
surface. In addilion to film processing direclly on the surface of the substrate,
any of the film processing steps disclosed may alsc be performed on an under-
layer formed on the substrate as disclosed in more detail below, and the term
‘substrate surface” is intended o include such underlayer as the context
indicates. Thus for example, where a filmfayer or partial filmflayer has been
deposited onto a substrate surface, the exposed surface of the newly deposited

filmfayer becomaes the substrate surface.

[0013} Figures 1A — 1F schematically illustrate a process for forming gap fill
materials on a substrate according to one embodiment described herein. As
shown in Figure 1A, a substrate 100 includes a feature 102. The Figures show
substrates having a single feature for illustrative purposes; however, those skilled
in the art will understand that there can be more than one feature. The shape of
the feature 102 can be any suitable shape including, but not limited {o, trenches
and cylindrical vias. As used in this regard, the term “fealure” means any
intentional surface irregularity. Suitable examples of features include, but are not
limited to trenches and vias which have a bottom and two sidewalls. Features
can have any suitable aspect ratio {ratio of the depth of the feature {o the width of
the feature). In some embodiments, the aspect ratio is greater than or equal to
about 5:1, 10:1, 151, 20:1, 25:1, 30:1, 35:1 or 40:1.
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[0014] The substrate 100 includes a surface 101, and the feature 102 is an
opening formed in the surface 101. iIn one embodiment, the subsirate 100
includes a STi region that is fabricated from a dielectric material, such as silicon
oxide or silicon nitride, and the feature 102 is formed in the 8T region. The
feature 102 includes a bottom 104 and sidewallis 106. Next, as shown in Figure
1B, a first amorphous silicon layer 108 is deposited on the bolfom 104 of the
feature 102, and a second amorphous silicon layer 110 is deposited on the
surface 101 of the substrate 100. The first amorphous silicon layer 108 and the
second amorphous silicon layer 110 are deposited by a plasma enhanced

chemical vapor deposition (PECVD) process.

[0015] In one embodiment, the PECVD process for depositing the first
amorphous silicon layer 108 and the second amorphous silicon layer 110
includes flowing a silicon-containing precursor into a process chamber, and
forming a plasma in the process chamber. In one embodiment, the process
chamber is the Producer® XP Precision'” chamber, available from Applied
Materials Inc. of Santa Clarg, California. The plasma may be formed in-situ or in
a remote location and then flowed into the process chamber. The silicon-
containing precursor may be a silane-containing precursor, such as silane,
disilane, trisilane, or tetrasiian. In one embodiment, the silicon-containing
precursor is a lower order silane-containing precursor, such as silane or disilane.
The plasma power density ranges from about 0.14 Wicm? to about 2.83 Wiem?,
and the processing temperature, ie., the temperature of the substrate during
processing, ranges from about 150 degrees Celsius o about 850 degrees
Celsius, for example 200 degrees Celsius to about 550 degrees Celsius. it has
been discovered that when a silane-cortaining precursor, such as a lower order
silane-containing precursor, is used at the above mentioned processing
conditions, the first amorphous silicon layer 108 and the second amorphous
silicon layer 110 as deposited are not flowable. Because the first amorphous
silicon layer 108 and the second amorphous silicon layer 110 are not flowable,
material is not disposed on the sidewalls 106 during the deposition process,
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likelinhood of bridging of sidewall material {and corresponding void formation) is
reduced. The first amorphous silicon layer 108 and the second amorphous
silicon layer 110 as deposiled have improved guality compared to the flowable
amorphous silicon fayer. Furthermore, no subsequent curing and/or annealing

processes gre necessary.

(0018} Unlike conformal iayer formed by atomic layer deposition (ALD)
process, which mostly or completely covers sidewalis 106 during deposition, the
first amorphous silicon lfayer 108 is formed on the bottom 104 of the fealure 102
and in contact with a first portion 112 of each sidewall 106. A second portion 114
of each sidewall 106 is exposed and not covered by the first amorphous silicon
layer 108. Similarly, the second amorphous silicon layer 110, which is formed
simulianeocusly as the first amorphous silicon layer 108, is formed on the surface
101 and not on the second portion 114 of each sidewall 106 of the feature 102.
The first amorphous silicon fayer 108 and the second amorphous silicon layer
110 are formed on the botlom 104 and the surface 101, respectively, and the
bottom 104 is substantiaily paraliel to the surface 101. Thus, the first amorphous
silicon layer 108 and the second amorphous silicon layer 110 form on
substantially parallel surfaces and have generally the same thickness or
approximately the same thicknesses. In other words, the first amorphous silicon
layer 108 and the second amorphous silicon fayer 110 form on horizontal
surfaces, while not forming on vertical surfaces. The only portion of the sidewall
106 (vertical surface) that is covered is the porlion that corresponds to the
thickness of the first amorphous silicon layer 108 that is disposed on the botiom
104.

(6817} Next, as shown in Figure 1C, the second amorphous silicon layer 110
is removed from the surface 101, The removal process may be a plasma eich
process that is performed in the same process chamber as the process chamber
in which the first and second amorphous sificon layers 108, 110 are formed. The
chamber pressure of the plasma elch process may be the same as the chamber

pressure during the PECVD process or different from the chamber pressure
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during the PECVD process. The processing temperature may be the same
processing temperature as the PECVD process that deposits the first and second
amorphous silicon layers 108, 110. Utilization of the same process temperature
for the deposition and etch processes facilitates rapid transition between
deposition and efch processes, which increases substrate throughput. The
plasma power density ranges from about 0.14 Wicm? to about 2.83 Wicm?.
Under the above mentioned process conditions, the second amorphous silicon
laver 110 is removed while the first amorphous silicon layer 108 is substantially
unaffected because plasma ions losing energy due to collision o the sidewalls
106, radicals guenched/loss before reaching the bottom 104, and/or the plasma
power density is controlled to minimize ion bombardment {0 the bottom 104. The
gtchant used for the removal process may be any suilable efchant. In one
embodiment, the removal process is a physical plasma eich process, and the
eichant used is helium.  In ancther embodiment, the removal process is a
chemical plasma etch process using a halogen containing etchant, such as a
fluorine- or chioring-containing efchant or hydrogen gas as the etchant, and the
plasma is formed remotely. The halogen containing etchant and the hydrogen
gas have a high selectivity of etching amorphous silicon over the material of the
substrate 100, for example silicon oxide. in yel another embodiment, the
removal process is a physical and chemical plasma eich process using a
halogen containing etchant or hydrogen gas as the eichant, and the plasma is

formed in-sity, such as a capacitively coupled plasma.

[0018] After removing the second amorphous silicon layer 110, a second
PECVD process is performed to form a third amorphous silicon layer 116 on the
first amorphous silicon layer 108 and a fourth amorphous silicon layer 118 on the
surface 101, as shown in Figure 1D. The second PECVD process may be
performed under the same process conditions as the PECVD process for forming
the first and second amorphous silicon layers 108, 110, The third amorphous
silicon layer 116 is in contact with a portion 120 of each sidewsli 106, and a
portion 122 of each sidewall 106 is exposed. The third and fourth amorphous
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silicon layers 116, 118 have the same properties as the first and second

amorphous silicon layers 108, 110, respectively.

0018} As shown in Figure 1k, the fourth amorphous silicon layer 118 is
removed from the surface 101. The removal process may be the same as the
removal process for removing the second amorphous silicon layer 110, In one
embodiment, the feature 102 is filled with the first amorphous silicon layer 108
and the third amorphous silicon layer 116. In other words, the entire bottom 104
i5 in contact with the first amorphous silicon layer 108 and the entire sidewalls
106 are in contact with the first amorphous silicon layer 108 and the third
amorphous  silicon  layer 116, in other embodiments, additional
deposition/removal cydlic processes may be performed io fill the feature 102. In
one embodiment, as shown in Figure 1F, additional amorphous silicon layers
124, 126, 128 are deposited on the third amorphous silicon layer 116, and no
amorphous silicon layer is left remaining on the surface 101 as the resuli of the
removal processes followed by each deposition process. Because the plasma
power for the removal process is low, ion bombardment into the feature 102 is
minimized. Furthermore, the feature 102 is overfilled at the last deposition
process of the depositionfremoval cycles, and the last removal process removes
the amorphous silicon layers on the surface 101 and over the feature 102. For
each depositionfremoval cycle (one cydle includes one deposition process and
one removal process), the ratic of deposition time o the elch time may range
from about 1 to 3 to about 1 to 15, In such an example, the efch time is
substantially longer than the deposition time. The number of cycles depends on
the depth of the fealure 102 and/for the thickness of each amorphous silicon layer
deposited in the feature 102 in one embodiment, the number of
depositionfremoval cycles ranges from about 50 to about 200, and the thickness
of each amorphous silicon layer formed during a respective deposition cycie is
between about 250 Angstroms io about 1000 Angstroms. The mulliple
amorphous silicon layers 108, 116, 124, 126, 128 formed in the feature 102 are
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formed from boltom up. Thus, there is no seam, or void, formed in the
amorphous silicon layers 108, 116, 124, 126, 128.

0020} By using depositionfremoval cyclic processes, a feature, such as a
french, can be filled seamiessly from bottom up. Furthermore, because the
amorphous silicon layers formed in the feature is not flowable, the guality of the
amorphous silicon layers are improved over the conventional flowable
amorphous silicon gap fill.  Furthermore, subsequent curing and/or annealing
processes typically performed after forming the flowable amorphous silicon gap

fill are not necessary.

{0021} While the foregoing is direcled o embodiments of the present
disclosure, other and further embodiments of the disclosure may be devised
without departing from the basic scope thereof, and the scope thereof is
determined by the claims that follow.



Claims

1. A method, comprising:

heating a substrate disposed in a process chamber to a temperature ranging from
about 150 degrees Celsius to about 650 degrees Celsius;

flowing a silicon-containing precursor into the process chamber;

depositing a first amorphous silicon layer on a bottom of a feature formed in the
substrate and a second amorphous silicon layer on a surface of the substrate, a first
portion of each sidewall of the feature being in contact with the first amorphous silicon
layer and a second portion of each sidewall being exposed; and

removing the second amorphous silicon layer.

2. The method of claim 1, further comprising depositing a third amorphous silicon
layer on the first amorphous silicon layer and a fourth amorphous silicon layer on the

surface of the substrate.

3. The method of claim 2, further comprising removing the fourth amorphous silicon
layer.

4, The method of claim 1, wherein the silicon-containing precursor comprises a silane

precursor.

5. The method of claim 1, wherein the first amorphous silicon layer and the second
amorphous silicon layer are deposited by a plasma enhanced chemical vapor deposition

process.

6. The method of claim 5, wherein a plasma power density of the plasma enhanced

chemical vapor deposition process ranges from about 0.14 W/cm2 to about 2.83 W/cm2.

7. The method of claim 1, wherein the depositing and the removing are performed in

a single process chamber.
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8. The method of claim 1, wherein the removing the second amorphous silicon layer

comprises a plasma etch process.

9. The method of claim 8, wherein the plasma etch process utilizes hydrogen gas as
an etchant.

10. The method of claim 8, wherein a plasma power density of the plasma etch process
ranges from about 0.14 W/cm2 to about 2.83 W/cm2.

11. The method of claim 1, wherein the substrate is heated to a temperature of about
200 degrees Celsius to about 550 degrees Celsius and a plasma is formed in the process

chamber.
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