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METHODS TO REDUCE UNCD FILM ROUGHNESS

TECHNICAL FIELD

[0001] Embodiments of the disclosure generally relate to methods for patterning a
substrate. In particular, embodiments of disclosure relate to methods for forming

smooth hard mask layers for patterning purposes.

BACKGROUND

[0002] Ultrananocrystalline diamond (UNCD) film has garnered significant research
interest over the last two decades and remains an attractive member of the diamond
family. It covers a wide range of applications ranging from biomedical devices,

protective coatings and jewelry aesthetics.

[0003] Due to excellent electrical, thermal and mechanical properties, the
semiconductor industry is poised to benefit from UNCD films. Specifically, in an era
where a wide variety of computing applications are demanding a doubling of digital
storage capacity every 1.5 years. Social media, video and photograph storage,
memory sticks, storage centers, and data analytics are putting pressure on chip

manufacturers to increase memory density.

[0004] Demand fuels innovation, and the shift from 2D to 3D NAND storage is a
clear example. The transition to 3D NAND is to increase the number of bits stored in
a given area achieved by increasing the number of oxide-nitride (ONON) layers from
96 and beyond. However, when scaling 3D NAND from 96 layers to 128 and higher
seems to be the breaking point where changes in materials and fabrication processes
will be necessary to maintain yield and performance at an acceptable level. The high
aspect ratio (HAR) of these devices poses a challenge for achieving uniform etch from
top to bottom of the ONON stack with a suitable hard mask (HM) that is able to
withstand an aggressive plasma etch chemistry. If the HM degrades during the
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etching process, loss of the pattern or loss of a vertical profile will cause device yield

issues.

[0005] Typically, HM used in 3D NAND production consists of thick amorphous
carbon films (~2 um) that can withstand the plasma etching process. Despite
numerous advantages, amorphous carbon films are susceptible to etching when
exposed to the reactive plasma for the length of time required to process 3D NAND
structure.

[0006] Accordingly, there is an ongoing need in the art for improved hard masks
and methods of forming hard masks.

SUMMARY

[0007] One or more embodiments of the disclosure are directed to methods of
forming a hard mask. The methods comprise exposing a substrate to a deposition
gas comprising a dopant gas or precursor, a carbon gas and argon at a temperature
less than or equal to 550 C. A plasma is ignited from the deposition gas to form an
ultrananocrystalline diamond film having an average roughness less than 10 nm and a

modulus greater than or equal to 250 GPa.

[0008] Additional embodiments of the disclosure are directed to methods
comprising forming a hard mask on a substrate comprising: exposing the substrate to
a deposition gas and igniting a pulsed microwave plasma form the deposition gas.
The deposition gas comprises a dopant gas comprising one or more of a, nitrogen
dopant, boron dopant species, a sulfur dopant species or a phosphorous dopant
species, a carbon gas comprising one or more of methane or carbon dioxide in Hz,
and in the range of 10% to 90% argon. The substrate is maintained at a temperature
less than or equal to 550 °C. The pulsed microwave plasma is ignited to form an
ultrananocrystalline diamond film having an average roughness less than 10 nm and a
modulus greater than or equal to 250 GPa. The pulsed microwave plasma has a 50%

duty cycle. The hard mask is patterned to form a patterned hard mask.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0009] 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 illustrated in the appended drawings. It is to be noted, however, that the
appended drawings illustrate only typical embodiments of this disclosure and are
therefore not to be considered limiting of its scope, for the disclosure may admit to

other equally effective embodiments.

[0010] FIG. 1 is a flowchart of a method according to one or more embodiment of

the disclosure; and

[0011] FIG. 2 is a schematic representation of a substrate during formation of a

patterned hard mask according to one or more embodiment of the disclosure.

DETAILED DESCRIPTION

[0012] Before describing several exemplary embodiments of the disclosure, it is to
be understood that the disclosure is not limited to the details of construction or
process steps set forth in the following description. The disclosure is capable of other

embodiments and of being practiced or being carried out in various ways.

”»

[0013] As used in this specification and the appended claims, the term “substrate
refers to a surface, or portion of a surface, upon which a process acts. It will also be
understood by those skilled in the art that reference to a substrate can also refer to
only a portion of the substrate, unless the context clearly indicates otherwise.
Additionally, reference to depositing on a substrate can mean both a bare substrate

and a substrate with one or more films or features deposited or formed thereon

[0014] A "substrate” as used herein, refers to any substrate or material 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 materials such as silicon, silicon oxide, strained silicon, silicon on insulator
{SQI), carbon doped silicon oxides, amorphous silicon, doped silicon, germanium,

gallium arsenide, glass, sapphire, and any other materials such as metals, metal
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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 to polish, etch, reduce, oxidize, hydroxylate,
anneal, UV cure, e-beam cure and/or bake the substrate surface. In addition to film
processing directly on the surface of the substrate itself, in the present disclosure, any
of the film processing steps disclosed may also be performed on an underlayer
formed on the substrate as disclosed in more detail below, and the term "substrate
surface” is intended to include such underlayer as the context indicates. Thus for
example, where a film/layer or partial film/layer has been deposited onto a substrate
surface, the exposed surface of the newly deposited film/layer becomes the substrate
surface.

[0015] Some embodiments of the disclosure are directed to boron doped
ultrananocrystalline diamond (BDUNCD) fiims grown using a plasma process at
relatively low temperatures. One or more embodiments of the disclosure are directed
to boron doped ultrananocrystalline diamond (BDUNCD) films grown using Microwave
Plasma Chemical Vapor Deposition (MPCVD) at temperatures less than 550°C. Some
embodiments advantageously provide films with lower thickness than for conventional

hard masks.

[0016] Referring to FIGS. 1 and 2, one or more embodiments of the disclosure are
directed to methods 100 of forming a hard mask 210 or patterned hard mask 220.
The method 100 of some embodiments, at process 110, comprises exposing a
substrate 200 to a deposition gas or a precursor {solid (e.g. Alkylborane compounds)
or liquid (e.g. Borazine)). The deposition gas comprises a dopant gas or precursor, a
carbon gas and argon. In some embodiments, the dopant gas, the carbon gas and

argon are mixed in the process chamber.

[0017] As used in this manner, a dopant gas refers to a gaseous species that can
form a dopant within the film. Dopant gases include dopant precursors and species
from solid, liquid or gaseous sources. The dopant gas of some embodiments
comprises one or more of a nitrogen dopant, boron dopant species, a sulfur dopant
species, or a phosphorous dopant species. In some embodiments, the dopant gas



10

15

20

25

WO 2023/158991 5 PCT/US2023/062534

comprises or consists essentially of a boron dopant species. As used in this manner,
the term “consists essentially of” means that the dopant species of the deposition gas
are greater than or equal to 95%, 98%, 99% or 99.5% of the stated species on a

molar basis.

[0018] In some embodiments, the dopant gas comprises or consists essentially of
diborane (BzHs). In some embodiments, the dopant gas comprises in the range of 5%
to 20% diborane in Hz. In some embodiments, the dopant gas comprises 15%
diborane in Hz. In some embodiments, the dopant gas comprises or consists
essentially of a sulfur dopant species. In some embodiments, the dopant gas
comprises or consists essentially of a phosphorous dopant species.

[0019] The carbon gas component of the deposition gas can be any suitable
carbon compounds that are compatible with the deposition process. In some
embodiments, the carbon gas comprises or consists essentially of one or more of
methane or carbon dioxide, in Hz. In some embodiments, the carbon compounds of

the deposition gas comprise a mixture of CH4 and COz in Hz.

[0020] The amount of argon in the deposition gas can be adjusted. In some
embodiments, the deposition gas has in the range of 10% to 90% argon, on a molar
basis. In some embodiments, the deposition gas comprises greater than or equal to
50%, 60%, 70% or 80% argon, on a molar basis.

[0021] During exposure to the deposition gas, the substrate is maintained at a
temperature less than or equal to 550 C. In some embodiments, the substrate is
maintained at a temperature greater than or equal to -50 C and less than or equal to
550 C. In some embodiments, the substrate is maintained at a minimum temperature
greater than or equal to -50 C and a maximum temperature less than or equal to 550
C, 500 C, 450 C, 400 C or 350 C.

[0022] At process 120, the deposition gas is exposed to conditions to ignite a
plasma and form an ultrananocrystalline diamond film 210. In some embodiments,
the plasma is a microwave plasma. In some embodiments, the microwave plasma is

a pulsed plasma having a duty cycle in the range of 5% to 90%, or in the range of
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15% to 85%, or in the range of 25% to 75%, or 50%. The microwave plasma of some
embodiments has a power in the range of 1 kW to 12 kW, or in the range of 2 kW to
11 kKW, or in the range of 3 kW to 10 kW. The chamber pressure during the plasma
exposure of some embodiments is in the range of 0.05 Torr to 10 Torr, or in the range
of 0.1 Torr to 5 Torr, or in the range of 0.2 Torr to 2 Torr. The spacing between the
substrate and the microwave plasma source can affect the film roughness. In some
embodiments, the microwave plasma source is spaced a distance from the substrate
in the range of 2 cm to 12 c¢cm, or in the range of 3 cm to 11 cm, or in the range of 4 cm
to 10 cm, or in the range of 5 cm to 8 cm, or in the range of 6 cm to 7 cm.

[0023] In some embodiments, the average roughness of the ultrananocrystalline
diamond film is reduced relative to a film formed without the plasma process. The
ultrananocrystalline diamond film 210 of some embodiments has an average
roughness, measured by atomic force microscopy (AFM), less than or equal to 10 nm.
In some embodiments, the ultrananocrystalline diamond film 210 has an average
roughness in the range of 1 nm to 9 nm, or in the range of 2 nm to 8 nm, or in the

range of 3 nm to 7 nm.

[0024] The ultrananocrystalline diamond film 210 of some embodiments has a
modulus greater than or equal to 250 GPa. In some embodiments, the
ultrananocrystalline diamond film 210 has a modulus greater than or equal to 300
GPa, 350 GPa. In some embodiments, the ultrananocrystalline diamond film 210 has
a modulus up to 400 GPa. In some embodiments, the ultrananocrystalline diamond
film 210 has a modulus in the range of 250 GPa to 400 GPa, or in the range of 300
GPa to 350 GPa.

[0025] In some embodiments, the ultrananocrystalline diamond film 210 is a hard
mask. The hard mask of some embodiments has a thickness in the range of 300 nm
to 500 nm. Some embodiments of the disclosure are directed to methods 100 for
forming a hard mask 220 on a substrate. Accordingly, some embodiments of the
method 100 include a patterning process 130 where a pattern is etched into the hard
mask to form a patterned hard mask 220. Patterning the hard mask can be performed

by any suitable process known to the skilled artisan. For example, in some
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embodiments, the hard mask is patterned using one or more of lithography,
metallization and/or etching.

[0026] Reference throughout this specification to "one embodiment,” "certain

non

embodiments,” "one or more embodiments” or "an embodiment” means that a
particular feature, structure, material, or characteristic described in connection with the
embodiment is included in at least one embodiment of the disclosure. Thus, the

appearances of the phrases such as "in one or more embodiments,” "in certain

LI TH

embodiments,” "in one embodiment” or "in an embodiment” in various places
throughout this specification are not necessarily referring to the same embodiment of
the disclosure. Furthermore, the particular features, structures, materials, or

characteristics may be combined in any suitable manner in one or more embodiments.

[0027] Although the disclosure herein has been described with reference to
particular embodiments, those skilled in the art will understand that the embodiments
described are merely illustrative of the principles and applications of the present
disclosure. It will be apparent to those skilled in the art that various modifications and
variations can be made to the method and apparatus of the present disclosure without
departing from the spirit and scope of the disclosure. Thus, the present disclosure
can include modifications and variations that are within the scope of the appended
claims and their equivalents.
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What is claimed is:

1.

A method of forming a hard mask, the method comprising:

exposing a substrate to a deposition gas comprising a dopant gas, a
carbon gas and argon at a temperature less than or equal to 550 C; and

igniting a plasma from the deposition gas to form an ultrananocrystalline
diamond film having an average roughness less than 10 nm and a modulus

greater than or equal to 400 GPa.

The method of claim 1, wherein the dopant gas comprises one or more of a
nitrogen dopant, boron dopant species, a sulfur dopant species or a
phosphorous dopant species.

The method of claim 1, wherein the dopant gas comprises diborane.

The method of claim 3, wherein the dopant gas comprises in the range of 5% to
20% diborane in Ho.

The method of claim 1, wherein the carbon gas comprises one or more of

methane or carbon dioxide and Ha.

The method of claim 1, wherein the deposition gas comprises in the range of
10% to 90% argon.

The method of claim 6, wherein the deposition gas comprises greater than or

equal to 50% argon.

The method of claim 1, wherein the plasma source comprises of remote,

microwave, CCP or ICP.

The method of claim 8, wherein the microwave plasma is a pulsed plasma
having a 50% duty cycle.
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10.

11.

12.

13.

14,

15.

16.

17.

The method of claim 1, wherein the temperature is less than or equal to 500 C.

The method of claim 1, wherein the film has a roughness in the range of 0.1 nm

to 5 nm.

The method of claim 1, wherein the film has a modulus up to 400 GPa.

The method of claim 1, wherein the film comprises a hard mask with a
thickness in the range of 300 nm to 500 nm.

The method of claim 1, further comprising patterning the hard mask to form a

patterned hard mask.

A method comprising:

forming a hard mask on a substrate comprising:

exposing the substrate to a deposition gas comprising a dopant
gas comprising one or more of a boron dopant species, a sulfur dopant
species or a phosphorous dopant species, a carbon gas comprising one
or more of methane or carbon dioxide and Hz, and in the range of 10%
to 90% argon at a temperature less than or equal to 550 C, and

igniting a pulsed microwave plasma from the deposition gas to
form an ultrananocrystalline diamond film having an average roughness
less than 10 nm and a modulus greater than or equal to 400 GPa, the
pulsed microwave plasma having a 50% duty cycle; and

patterning the hard mask to form a patterned hard mask.

The method of claim 15, wherein the dopant gas comprises in the range of 5%
to 20% diborane in Ha.

The method of claim 15, wherein the deposition gas comprises greater than or

equal to 50% argon.
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18. The method of claim 15, wherein the film has a roughness in the range of 0.1

nmto 5 nm.

19.  The method of claim 15, wherein the film has a modulus up to 400 GPa.

20. The method of claim 15, wherein the film comprises a hard mask with a
thickness in the range of 300 nm to 500 nm.



