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METHODS FOR DEPOSITING PHOSPHORUS-DOPED SILICON NITRIDE FILMS

BACKGROUND
Field

[0001] Embodiments of the present disclosure generally relate to deposition
processes, and in particular to vapor deposition processes for depositing silicon nitride

films.

Description of the Related Art

[0002] Integrated circuits have evolved into complex devices that can include
millions of transistors, capacitors and resistors on a single chip. The evolution of chip
designs continually requires faster circuitry and greater circuit density. The demands
for faster circuits with greater circuit densities impose corresponding demands on the
materials used to fabricate such integrated circuits. In particular, as the dimensions
of integrated circuit components are reduced to the sub-micron scale, it is now
desirable to use low resistivity conductive materials as well as low dielectric constant

insulating materials to obtain suitable electrical performance from such components.

[0003] The demands for greater integrated circuit densities also impose demands
on the process sequences used in the manufacture of integrated circuit components.
For example, in process sequences that use conventional photo lithographic
techniques, a layer of energy sensitive resist is formed over a stack of material layers
disposed on a substrate. The energy sensitive resist layer is exposed to an image of
a pattern to form a photoresist mask. Thereafter, the mask pattern is transferred to
one or more of the material layers of the stack using an etch process. The chemical
etchant used in the etch process is selected to have a greater etch selectivity for the
material layers of the stack than for the mask of energy sensitive resist. That is, the
chemical etchant etches the one or more layers of the material stack at a rate much
faster than the energy sensitive resist. The etch selectivity to the one or more material
layers of the stack over the resist prevents the energy sensitive resist from being
consumed prior to completion of the pattern transfer. Thus, a highly selective etchant

enhances accurate pattern transfer.
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[0004] As the pattern dimensions are reduced, the thickness of the energy
sensitive resist must correspondingly be reduced in order to control pattern resolution.
Such thin resist layers can be insufficient to mask underlying material layers during
the pattern transfer step due to attack by the chemical etchant. An intermediate layer
called a hardmask is often used between the energy sensitive resist layer and the
underlying material layers to facilitate pattern transfer because of its greater
resistance to the chemical etchant. It is desirable to have thin hardmasks that have
both high etch selectivity and are easy to remove after the etching process is
complete. As critical dimensions decrease, current hardmask materials lack the
desired etch selectivity relative to underlying materials and are often difficult to

remove.

[0005] Thus, there is a need for improved methods for depositing hardmask

materials and films.

SUMMARY OF THE INVENTION

[0006] Embodiments provide methods for depositing hardmask materials and
films, and more specifically, for depositing phosphorus-doped, silicon nitride films. In
one or more embodiments, a method of depositing a material on a substrate in a
processing chamber includes exposing a substrate to a deposition gas in the presence
of RF power to deposit a phosphorus-doped, silicon nitride film on the substrate during
a plasma-enhanced chemical vapor deposition (PE-CVD) process. The deposition
gas contains one or more silicon precursors, one or more nitrogen precursors, one or
more phosphorus precursors, and one or more carrier gases. The phosphorus-doped,
silicon nitride film has a phosphorus concentration in a range from about 0.1 atomic

percent (at%) to about 10 at%.

[0007] In some embodiments, a method of depositing a material on a substrate in
a processing chamber includes exposing a substrate to a deposition gas while
depositing a phosphorus-doped, silicon nitride film on the substrate during a PE-CVD
process. The deposition gas contains one or more silicon precursors, one or more
nitrogen precursors, one or more phosphorus precursors, and one or more carrier
gases. The phosphorus-doped, silicon nitride film has a phosphorus concentration in

a range from about 0.5 at% to about 8 at%.
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[0008] In other embodiments, a method of depositing a material on a substrate in
a processing chamber includes exposing a substrate to a deposition gas to deposit a
phosphorus-doped, silicon nitride film on the substrate during a PE-CVD process,
where the deposition gas contains one or more silicon precursors, one or more
nitrogen precursors, one or more phosphorus precursors, and one or more carrier
gases and the phosphorus-doped, silicon nitride film has a phosphorus concentration
in a range from about 0.1 at% to about 10 at%. The method also includes ceasing
the PE-CVD process, then exposing the substrate to a nitrogen plasma to densify the
phosphorus-doped, silicon nitride film during a nitrogen-plasma process, and ceasing
the nitrogen-plasma process. The method further includes sequentially repeating

cycles of the PE-CVD process and the nitrogen-plasma process.

BRIEF DESCRIPTION OF THE DRAWINGS

[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 exemplary embodiments and are therefore not to be

considered limiting of its scope, may admit to other equally effective embodiments.

[0010] Figure 1 depict a schematic illustration of an apparatus that can be used to
conduct deposition methods, as discussed and described in one or more

embodiments herein.

[0011] Figure 2 depicts a schematic cross-sectional view of a substrate structure
incorporating a phosphorus-doped, silicon nitride film as a hardmask layer, as

discussed and described in one or more embodiments herein.

[0012] Figure 3 is a graph of etch rates versus phosphorus concentrations for
phosphorus-doped and undoped silicon nitride films, as discussed and described in

one or more embodiments herein.

[0013] To facilitate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common to the figures. It is
contemplated that elements and features of one embodiment may be beneficially

incorporated in other embodiments without further recitation.
3
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DETAILED DESCRIPTION

[0014] Embodiments discussed and described herein provide methods for
depositing hardmask materials and films, and more specifically, for depositing
phosphorus-doped, silicon nitride films on substrates. In one or more embodiments,
a method for depositing such materials includes exposing a substrate to a deposition
gas in the presence of RF power to deposit a phosphorus-doped, silicon nitride film
on the substrate during a plasma-enhanced chemical vapor deposition (PE-CVD)
process. In some examples, the deposition method includes turning off the RF power
while continuing to expose the substrate to the deposition gas. The deposition gas
contains one or more silicon precursors, one or more nitrogen precursors, one or more
phosphorus precursors, and one or more carrier gases. The phosphorus is in-situ
doped or otherwise co-deposited with the silicon and the nitrogen to produce the
phosphorus-doped, silicon nitride film or material. The phosphorus-doped, silicon
nitride film has a phosphorus concentration in a range from about 0.1 atomic percent
(at%) to about 10 at%.

[0015] Figure 1 depicts a schematic illustration of a substrate processing system
132 that can be used to perform phosphorus-doped, silicon nitride deposition in
accordance with embodiments described herein. Examples of suitable systems,
which can be used as substrate processing system 132, include the CENTURA®
systems which may use a DxZ™ processing chamber, PRECISION™ 5000 systems,
PRODUCER® SE or GT processing chamber or system, which are commercially
available from Applied Materials, Inc., Santa Clara, Calif. It is contemplated that other
processing system, including those available from other manufacturers, may be

adapted to practice the embodiments described herein.

[0016] The processing system 132 includes a process chamber 100 coupled to a
gas panel 130 and a controller 110. The process chamber 100 generally includes a
top 124, a side 101 and a bottom wall 122 that define an interior processing volume
126. A support pedestal 150 is provided in the interior processing volume 126 of the
process chamber 100. The substrate support pedestal 150 is supported by a stem
160 and may be typically fabricated from aluminum, ceramic, and other suitable
materials. The substrate support pedestal 150 may be moved in a vertical direction

inside the process chamber 100 using a displacement mechanism (not shown).

4



WO 2020/123024 PCT/US2019/056066

[0017] The substrate support pedestal 150 may include an embedded heater
element 170 suitable for controlling the temperature of a substrate 190 supported on
a surface 192 of the substrate support pedestal 150. The substrate support pedestal
150 may be resistively heated by applying an electric current from a power supply 106
to the heater element 170. The heater element 170 may be made of a nickel-
chromium wire encapsulated in a nickel-iron-chromium alloy (e.g., INCOLOY® alloy)
sheath tube. The electric current supplied from the power supply 106 is regulated by
the controller 110 to control the heat generated by the heater element 170, thereby
maintaining the substrate 190 and the substrate support pedestal 150 at a
substantially constant temperature during film deposition. The supplied electric
current may be adjusted to selectively control the temperature of the substrate support
pedestal 150 in a range from about 100°C to about 700°C.

[0018] A temperature sensor 172, such as a thermocouple, may be embedded in
the support pedestal 150 to monitor the temperature of the substrate support pedestal
150 in a conventional manner. The measured temperature is used by the controller
110 to control the power supplied to the heating element 170 to maintain the substrate

at a desired temperature.

[0019] A vacuum pump 102 is coupled to a port formed in the bottom of the process
chamber 100. The vacuum pump 102 is used to maintain a desired gas pressure in
the process chamber 100. The vacuum pump 102 also evacuates post-processing
gases and by-products of the process from the process chamber 100. Although not
shown, the processing system 132 may further include additional equipment for
controlling the chamber pressure, for example, valves (e.g., throttle valves and
isolation valves) positioned between the process chamber 100 and the vacuum pump

102 to control the chamber pressure.

[0020] A showerhead 120 having a plurality of apertures 128 is disposed on the
top of the process chamber 100 above the substrate support pedestal 150. The
apertures 128 of the showerhead 120 are utilized to introduce deposition gases into
the process chamber 100. The apertures 128 may have different sizes, number,
distributions, shape, design, and diameters to facilitate the flow of the various
deposition gases for different process requirements. The showerhead 120 is

connected to the gas panel 130 that allows various gases to supply to the interior

5
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processing volume 126 during process. A plasma is formed from the deposition gas
mixture exiting the showerhead 120 to enhance thermal decomposition of the
deposition gases resulting in the deposition of material on a surface 191 of the
substrate 190.

[0021] The showerhead 120 and the substrate support pedestal 150 may form a
pair of spaced apart electrodes in the interior processing volume 126. One or more
RF power sources 140 provide a bias potential through a matching network 138 to the
showerhead 120 to facilitate generation of plasma between the showerhead 120 and
the substrate support pedestal 150. Alternatively, the RF power sources 140 and
matching network 138 may be coupled to the showerhead 120, substrate pedestal
150, or coupled to both the showerhead 120 and the substrate pedestal 150, or
coupled to an antenna (not shown) disposed exterior to the process chamber 100. In
one or more embodiments, the RF power sources 140 may provide between about
100 watts and about 3,000 watts at a frequency of about 50 kHz to about 13.6 MHz.
In another embodiment, the RF power sources 140 may provide between about 500

watts and about 1,800 watts at a frequency of about 50 kHz to about 13.6 MHz.

[0022] The controller 110 includes a central processing unit (CPU) 112, a memory
116, and a support circuit 114 utilized to control the process sequence and regulate
the gas flows from the gas panel 130. The CPU 112 may be of any form of a general
purpose computer processor that may be used in an industrial setting. The software
routines can be stored in the memory 116, such as random access memory, read only
memory, floppy, or hard disk drive, or other form of digital storage. The support circuit
114 is conventionally coupled to the CPU 112 and may include cache, clock circuits,
input/output systems, power supplies, and the like. Bi-directional communications
between the controller 110 and the various components of the processing system 132
are handled through numerous signal cables collectively referred to as signal buses

118, some of which are illustrated in Figure 1.

[0023] Other deposition chambers may also benefit from the deposition processes
described and discussed herein and the parameters listed above may vary according
to the particular deposition chamber used to form phosphorus-doped, silicon nitride
film. For example, other deposition chambers may have a larger or smaller volume,

requiring gas flow rates that are larger or smaller than those recited for deposition
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chambers available from Applied Materials, Inc. In one or more embodiments, the
phosphorus-doped, silicon nitride film may be deposited using a PRODUCER® SE or
GT processing chamber or system which is commercially available from Applied

Materials, Inc., Santa Clara, California.

[0024] In general, the following exemplary deposition process parameters may be
used to form the phosphorus-doped, silicon nitride film. The process parameters may
range from a substrate temperature of about 100°C to about 700°C, for example,
between about 200°C to about 500°C. The chamber pressure may range from a
chamber pressure of about 1 Torr to about 20 Torr, for example, between about 2 Torr

and about 10 Torr.

[0025] In one or more examples, the deposition gas contains one or more silicon
precursors, one or more nitrogen precursors, one or more phosphorus precursors,
and one or more carrier gases. The silicon precursor, the nitrogen precursor, the
phosphorus precursor, and the carrier gas can be co-flowed together when exposing
the substrate to the deposition gas. The flow rate of the silicon precursor is in a range
from about 200 scem to about 5,000 scem, for example, from about 400 scecm to about
2,000 sccm. The flow rate of the nitrogen precursor is in a range from about 200 sccm
to about 5,000 sccm, for example, from about 400 sccm to about 2,000 sccm. The
flow rate of the phosphorus precursor is in a range from about 10 sccm to about 1,000
scem, for example, from about 50 scem to about 500 scecm. The flow rate of the carrier
gas is in a range from about 500 sccm to about 20,000 scem, for example, from about
2,000 scem to about 10,000 scem. The flow rate of the hydrogen gas is in a range
from about 500 sccm to about 20,000 sccm, for example, from about 2,000 sccm to
about 10,000 sccm.

[0026] The phosphorus precursor can be or include phosphine (PHa),
methylphosphine  (CHsPHz), ethylphosphine (CHsCH2PH2), propylphosphine
(CH3(CH2)2PHz2), butylphosphine (CH3(CH2)sPHz), phosphorus oxychloride (POCI3),
trimethylphosphate ((CHs)sP), triethylphosphate ((CH3(CHz2))sP), isomers thereof, or
any combination thereof. The silicon precursor can be or include silane (SiH4),
disilane (Siz2Hs), trisilane (SisHs), tetrasilane (SisH10), pentasilane (SisH12),
methylsilane (CH3SiH3), chlorosilane (SiH3Cl), dichlorosilane (SiH2Clz2), trichlorosilane

(SiHCI3), silicon tetrachloride (SiCls), hexachlorodisilane (Si2Cls), or any combinations

7
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thereof. The nitrogen precursor can be or include ammonia (NH3), hydrazine (N2Ha),
dimethyl hydrazine ((CHs)2N2Hz), tertert-butylhydrazine (C4HoN2H3), phenylhydrazine
(CeHsN2H3), 2,2’-azoisobutane ((CHs)sC2N2), ethylazide (C2HsNs), isomers thereof, or
any combinations thereof. The carrier gas contains nitrogen (N2), argon, helium,
plasma thereof, or any combination thereof. In one or more examples, the deposition

gas contains phosphine, silane, ammonia, and one or more carrier gases.

[0027] In one or more examples, the PE-CVD process is a pulsed plasma process
which includes pulsing the RF power on and off while continuing to expose the
substrate to the deposition gas. In other examples, the PE-CVD process is a
continuous plasma process which includes maintaining the RF power on while
continuing to expose the substrate to the deposition gas. An RF power is in a range
about 1 W/in? to about 100 W/in?, such as about 3 W/in? to about 20 W/in%. A plate
spacing between the top surface of the substrate and the showerhead is in a range

from about 200 mils to about 600 mils, such as about 250 mils to about 400 mils.

[0028] Figure 2 depicts a schematic cross-sectional view of a substrate structure
200 incorporating a phosphorus-doped, silicon nitride film 204 disposed on a substrate
202, as discussed and described in one or more embodiments herein. The
phosphorus-doped, silicon nitride film 204 can be or include a hardmask layer or a
stop etch layer, a sacrificial layer, a dummy pattern layer for self-aligned multi

patterning, and/or other types of layers and films used in fabrication processes.

[0029] The substrate 202, as shown in Figure 2, has a substantially planar surface.
Alternatively, the substrate 202 may have patterned structures, a surface having
trenches, holes, or vias formed therein. The substrate 202 may also have a
substantially planar surface having a structure formed thereon or therein at a desired
elevation. While the substrate 202 is illustrated as a single body, it is understood that
the substrate 202 may contain one or more materials used in forming semiconductor
devices such as metal contacts, trench isolations, gates, bitlines, or any other
interconnect features. The substrate 202 may contain one or more metal layers, one
or more dielectric materials, semiconductor material, and/or combinations thereof
utilized to fabricate semiconductor devices, display devices, and/or photovoltaic
device. For example, the substrate 202 may include an oxide material, a nitride

material, a polysilicon material, or the like, depending upon application. In one or
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more embodiments, where a memory application is desired, the substrate 202 may
include the silicon substrate material, an oxide material, and a nitride material, with or
without polysilicon sandwiched in between. In other embodiments, the substrate 202
may include a plurality of alternating oxide and nitride materials (e.g., oxide-nitride-
oxide (ONQ)) deposited on a surface of the substrate (not shown). In various
embodiments, the substrate 202 may include a plurality of alternating oxide and nitride
materials, one or more oxide or nitride materials, polysilicon or amorphous silicon
materials, oxides alternating with amorphous silicon, oxides alternating with
polysilicon, undoped silicon alternating with doped silicon, undoped polysilicon
alternating with doped polysilicon, or updoped amorphous silicon alternating with
doped amorphous silicon. The substrate may be any substrate or material surface
upon which film processing is performed. For example, the substrate 202 may be or
include one or more materials such as crystalline silicon, silicon oxide, silicon
oxynitride, silicon nitride, strained silicon, silicon germanium, tungsten, titanium
nitride, doped or undoped polysilicon, doped or undoped silicon wafers and patterned
or non-patterned wafers, silicon on insulator (SOI), carbon doped silicon oxides,
silicon nitrides, doped silicon, germanium, gallium arsenide, glass, sapphire, low k

dielectrics, or any combination thereof.

[0030] Inone or more embodiments, the phosphorus-doped, silicon nitride film can
have a thickness of about 100 A, about 200 A, about 300 A, about 500 A, about 800
A, or about 1,000 A to about 1,500 A, about 2,000 A, about 2,500 A, about 3,000 A,
about 4,000 A, about 5,000 A, about 7,000 A, about 8,500 A, about 10,000 A, about
12,000 A, about 15,000 A, about 18,000 A, about 20,000 A, about 25,000 A, or about
30,000 A. For example, the phosphorus-doped, silicon nitride film can have a
thickness of about 100 A to about 30,000 A, about 100 A to about 25,000 A, about
100 A to about 20,000 A, about 100 A to about 15,000 A, about 100 A to about 12,000
A, about 100 A to about 10,000 A, about 100 A to about 8,000 A, about 100 A to about
5,000 A, about 100 A to about 4,000 A, about 100 A to about 3,000 A, about 100 A to
about 2,000 A, about 100 A to about 1,500 A, about 100 A to about 1,000 A, about
100 A to about 800 A, about 100 A to about 500 A, about 100 A to about 300 A, about
100 A to about 200 A, about 300 A to about 30,000 A, about 300 A to about 25,000
A, about 300 A to about 20,000 A, about 300 A to about 15,000 A, about 300 A to
about 12,000 A, about 300 A to about 10,000 A, about 300 A to about 8,000 A, about

9
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300 A to about 5,000 A, about 300 A to about 4,000 A, about 300 A to about 3,000 A,
about 300 A to about 2,000 A, about 300 A to about 1,500 A, about 300 A to about
1,000 A, about 300 A to about 800 A, about 300 A to about 500 A, about 500 A to
about 30,000 A, about 500 A to about 25,000 A, about 500 A to about 20,000 A, about
500 A to about 15,000 A, about 500 A to about 12,000 A, about 500 A to about 10,000
A, about 500 A to about 8,000 A, about 500 A to about 5,000 A, about 500 A to about
4,000 A, about 500 A to about 3,000 A, about 500 A to about 2,000 A, about 500 A to
about 1,500 A, about 500 A to about 1,000 A, or about 500 A to about 800 A.

[0031] In one or more embodiments, the phosphorus-doped, silicon nitride film is
deposited, formed, or otherwise produced at a deposition rate of about 100 A/min,
about 200 A/min, about 300 A/min, about 500 A/min, about 800 A/min, or about 1,000
A/min to about 1,500 A/min, about 2,000 A/min, about 2,500 A/min, about 3,000
A/min, about 4,000 A/min, about 5,000 A/min, about 7,000 A/min, about 8,500 A/min,
about 10,000 A/min, about 12,000 A/min, about 15,000 A/min, about 20,000 A/min,
about 25,000 A/min, or about 30,000 A/min. For example, the phosphorus-doped,
silicon nitride film is deposited, formed, or otherwise produced at a deposition rate of
about 100 A/min to about 30,000 A/min, about 100 A/min to about 25,000 A/min, about
100 A/min to about 20,000 A/min, about 100 A/min to about 15,000 A/min, about 100
A/min to about 12,000 A/min, about 100 A/min to about 10,000 A/min, about 100 A/min
to about 8,000 A/min, about 100 A/min to about 5,000 A/min, about 100 A/min to about
4,000 A/min, about 100 A/min to about 3,000 A/min, about 100 A/min to about 2,000
A/min, about 100 A/min to about 1,500 A/min, about 100 A/min to about 1,000 A/min,
about 100 A/min to about 800 A/min, about 100 A/min to about 500 A/min, about 100
A/min to about 300 A/min, about 100 A/min to about 200 A/min, about 500 A/min to
about 30,000 A/min, about 500 A/min to about 25,000 A/min, about 500 A/min to about
20,000 A/min, about 500 A/min to about 15,000 A/min, about 500 A/min to about
12,000 A/min, about 500 A/min to about 10,000 A/min, about 500 A/min to about 8,000
A/min, about 500 A/min to about 5,000 A/min, about 500 A/min to about 4,000 A/min,
about 500 A/min to about 3,000 A/min, about 500 A/min to about 2,000 A/min, about
500 A/min to about 1,500 A/min, about 500 A/min to about 1,000 A/min, or about 500
A/min to about 800 A/min.

[0032] In one or more examples, the phosphorus-doped, silicon nitride film 204

may be deposited to a thickness of about 100 A to about 20,000 A, such as about 300
10
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A to about 5,000 A. In some examples, the above process parameters provide a
typical deposition rate for the phosphorus-doped, silicon nitride film 204 in the range
of about 500 A/min to about 10,000 A/min and can be implemented on a 300 mm
(diameter) substrate in a deposition chamber available from Applied Materials, Inc. of
Santa Clara, CA.

[0033] The phosphorus-doped, silicon nitride film 204 has a silicon concentration
in a range from about 15 atomic percent (at%), about 20 at%, about 25 at%, about 30
at%, about 35 at%, about 38 at%, or about 40 at% to about 41 at%, about 42 at%,
about 43 at%, about 45 at%, about 48 at%, about 50 at%, about 52 at%, about 55
at%, or about 60 at%. For example, the phosphorus-doped, silicon nitride film 204
has a silicon concentration in a range from about 15 at% to about 60 at%, about 20
at% to about 60 at%, about 25 at% to about 60 at%, about 30 at% to about 60 at%,
about 35 at% to about 60 at%, about 38 at% to about 60 at%, about 40 at% to about
60 at%, about 42 at% to about 60 at%, about 45 at% to about 60 at%, about 50 at%
to about 60 at%, about 15 at% to about 55 at%, about 25 at% to about 55 at%, about
35 at% to about 55 at%, about 40 at% to about 55 at%, about 15 at% to about 45 at%,
about 20 at% to about 45 at%, about 25 at% to about 45 at%, about 30 at% to about
45 at%, about 35 at% to about 45 at%, about 38 at% to about 45 at%, about 40 at%
to about 45 at%, or about 42 at% to about 45 at%.

[0034] The phosphorus-doped, silicon nitride film 204 has a nitrogen concentration
in a range from about 25 at%, about 30 at%, about 35 at%, about 40 at%, about 45
at%, or about 50 at% to about 52 at%, about 54 at%, about 55 at%, about 58 at%,
about 60 at%, about 65 at%, about 70 at%, or about 75 at%. For example, the
phosphorus-doped, silicon nitride film 204 has a nitrogen concentration in a range
from about 25 at% to about 75 at%, about 25 at% to about 70 at%, about 25 at% to
about 65 at%, about 25 at% to about 60 at%, about 25 at% to about 55 at%, about 25
at% to about 50 at%, about 25 at% to about 45 at%, about 25 at% to about 40 at%,
about 40 at% to about 75 at%, about 40 at% to about 70 at%, about 40 at% to about
65 at%, about 40 at% to about 60 at%, about 40 at% to about 55 at%, about 40 at%
to about 54 at%, about 40 at% to about 50 at%, or about 40 at% to about 45 at%.

[0035] The phosphorus-doped, silicon nitride film 204 has a phosphorus

concentration of about 0.1 at%, about 0.5 at%, about 0.8 at%, about 1 at%, about 1.5
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at%, or about 2 at% to about 2.5 at%, about 3 at%, about 3.5 at%, about 4 at%, about
4.5 at%, about 5 at%, about 6 at%, about 7 at%, about 8 at%, about 9 at%, about 10
at%, or greater. For example, the phosphorus-doped, silicon nitride film 204 has a
phosphorus concentration of about 0.1 at% to about 10 at%, about 0.1 at% to about
8 at%, about 0.1 at% to about 6 at%, about 0.1 at% to about 5 at%, about 0.1 at% to
about 4 at%, about 0.1 at% to about 3 at%, about 0.1 at% to about 2 at%, about 0.1
at% to about 1 at%, about 0.1 at% to about 0.5 at%, about 0.5 at% to about 10 at%,
about 0.5 at% to about 8 at%, about 0.5 at% to about 6 at%, about 0.5 at% to about
5 at%, about 0.5 at% to about 4 at%, about 0.5 at% to about 3 at%, about 0.5 at% to
about 2 at%, about 0.5 at% to about 1 at%, about 1 at% to about 10 at%, about 1 at%
to about 8 at%, about 1 at% to about 6 at%, about 1 at% to about 5 at%, about 1 at%
to about 4 at%, about 1 at% to about 3 at%, about 1 at% to about 2 at%, or about 1

at% to about 1.5 at%.

[0036] In one or more embodiments, the phosphorus-doped, silicon nitride film
may be densified by exposing the substrate to hydrogen while continuing to expose
the substrate to the deposition gas. The hydrogen can be or include hydrogen gas
(H2), atomic hydrogen, plasmas thereof, or any combination thereof. In other
embodiments, the overall process can be altered in order to densify the phosphorus-
doped, silicon nitride film. For example, the phosphorus-doped, silicon nitride film can
be densified by sequentially alternating between cycles of the PE-CVD process and
a nitrogen-plasma process until the desired thickness of the phosphorus-doped,
silicon nitride film is obtained. The PE-CVD process can be a continuous plasma
process or a pulsed (discontinuous) plasma process. The nitrogen-plasma process
is a densifying process that includes exposing the substrate to a nitrogen plasma while
ceasing to expose the substrate to the deposition gas. The nitrogen plasma can be
produced from nitrogen gas (N2) and at least one or more gases, such as argon,

helium, or a combination thereof.

[0037] In some examples, a deposition method includes exposing a substrate to
the deposition gas to deposit the phosphorus-doped, silicon nitride film on the
substrate during a PE-CVD process, where the deposition gas contains one or more
silicon precursors, one or more nitrogen precursors, one or more phosphorus
precursors, and one or more carrier gases. The phosphorus-doped, silicon nitride film

has a phosphorus concentration in a range from about 0.1 at% to about 10 at%. The
12
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method also includes ceasing the PE-CVD process, then exposing the substrate to a
nitrogen plasma to densify the phosphorus-doped, silicon nitride film during a
nitrogen-plasma process, and ceasing the nitrogen-plasma process. The method
further includes sequentially repeating cycles of the PE-CVD process and the

nitrogen-plasma process.

EXPERIMENTAL

[0038] Figure 3 is a graph of etch rates versus phosphorus concentrations for
phosphorus-doped and undoped silicon nitride films which were exposed to various
etchants, as discussed and described in one or more embodiments herein. The three
etchants, as labeled in Figure 3, included hot phosphoric acid (HsPOa4), 6:1 LAL
solution, and 200:1 dilute hydrofluoric acid (DHF) solution. The hot phosphoric acid
was heated to a temperature of about 50°C. The 6:1 LAL solution was a mixture
containing ammonium fluoride, hydrogen fluoride, and water. The 6:1 LAL solution
contained about 6:1:6 by weight of ammonium fluoride to hydrogen fluoride to water.
The DHF solution contained about 200:1 by weight deionized water to hydrogen

fluoride.

[0039] Silicon nitride films without phosphorus were etched at the following rates:
about 102 A/min in 6:1 LAL, about 37 A/min in hot phosphoric acid, and about 10
A/min in 200:1 DHF.

[0040] With in-situ doping of phosphorus in PECVD silicon nitride, the phosphorus-
doped, silicon nitride films show tunable wet etch rates in the various etchant
solutions. For the greater values of the phosphorus concentrations (0% to about 4.8%
of [P]), the etch rates in 6:1 LAL dropped by about 80% from about 102 A/min to about
21 A/min. Although not as great, the etch rates in 200:1 DHF dropped from about 10
A/min (0% of [P]) to about 2 A/min (about 2.5% of [P]). For the greater values of the
phosphorus concentrations (0% to about 4.8% of [P]), the etch rates in hot phosphoric

acid increased by about 114% from about 37 A/min to about 79 A/min.

[0041] Embodiments of the present disclosure further relate to any one or more of

the following paragraphs 1-21:
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[0042] 1. A method of depositing a material on a substrate in a processing
chamber, comprising: exposing a substrate to a deposition gas in the presence of RF
power to deposit a phosphorus-doped, silicon nitride film on the substrate during a
plasma-enhanced chemical vapor deposition process, wherein: the deposition gas
comprises a silicon precursor, a nitrogen precursor, a phosphorus precursor, and a
carrier gas; and the phosphorus-doped, silicon nitride film has a phosphorus

concentration in a range from about 0.1 atomic percent (at%) to about 10 at%.

[0043] 2. A method of depositing a material on a substrate in a processing
chamber, comprising: exposing a substrate to a deposition gas while depositing a
phosphorus-doped, silicon nitride film on the substrate during a plasma-enhanced
chemical vapor deposition process, wherein: the deposition gas comprises a silicon
precursor, a nitrogen precursor, a phosphorus precursor, and a carrier gas; and the
phosphorus-doped, silicon nitride film has a phosphorus concentration in a range from

about 0.5 atomic percent (at%) to about 8 at%.

[0044] 3. A method of depositing a material on a substrate in a processing
chamber, comprising: exposing a substrate to a deposition gas to deposit a
phosphorus-doped, silicon nitride film on the substrate during a plasma-enhanced
chemical vapor deposition process, wherein: the deposition gas comprises a silicon
precursor, a nitrogen precursor, a phosphorus precursor, and a carrier gas; and the
phosphorus-doped, silicon nitride film has a phosphorus concentration in a range from
about 0.1 atomic percent (at%) to about 10 at%; ceasing the plasma-enhanced
chemical vapor deposition process; then exposing the substrate to a nitrogen plasma
to densify the phosphorus-doped, silicon nitride film during a nitrogen-plasma process;
ceasing the nitrogen-plasma process; and sequentially repeating cycles of the
plasma-enhanced chemical vapor deposition process and the nitrogen-plasma

process.

[0045] 4. The method according to any one of paragraphs 1-3, further comprising
turning off the RF power while continuing to expose the substrate to the deposition

gas.

[0046] 5. The method according to any one of paragraphs 1-4, wherein the plasma-

enhanced chemical vapor deposition process is a pulsed plasma process which
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comprises pulsing the RF power on and off while continuing to expose the substrate

to the deposition gas.

[0047] 6. The method according to any one of paragraphs 1-5, wherein the plasma-
enhanced chemical vapor deposition process is a continuous plasma process which
comprises maintaining the RF power on while continuing to expose the substrate to

the deposition gas.

[0048] 7. The method according to any one of paragraphs 1-6, further comprising
densifying the phosphorus-doped, silicon nitride film by exposing the substrate to

hydrogen while continuing to expose the substrate to the deposition gas.

[0049] 8. The method according to any one of paragraphs 1-7, further comprising
densifying the phosphorus-doped, silicon nitride film by sequentially alternating
between cycles of the plasma-enhanced chemical vapor deposition process and a
nitrogen-plasma process, wherein the nitrogen-plasma process comprises exposing
the substrate to a nitrogen plasma while ceasing to expose the substrate to the

deposition gas.

[0050] 9. The method according to any one of paragraphs 1-8, wherein the

phosphorus concentration is in a range from about 0.5 at% to about 8 at%.

[0051] 10. The method according to any one of paragraphs 1-9, wherein the

phosphorus concentration is in a range from about 1 at% to about 6 at%.

[0052] 11. The method according to any one of paragraphs 1-10, wherein the
phosphorus-doped, silicon nitride film has a nitrogen concentration in a range from
about 40 at% to about 70 at%.

[0053] 12. The method according to any one of paragraphs 1-11, wherein the
phosphorus-doped, silicon nitride film has a silicon concentration in a range from
about 25 at% to about 55 at%.

[0054] 13. The method according to any one of paragraphs 1-12, wherein the
phosphorus precursor comprises phosphine, methylphosphine, ethylphosphine,
propylphosphine, butylphosphine, phosphorus oxychloride, trimethylphosphate,

triethylphosphate, isomers thereof, or any combination thereof.
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[0055] 14. The method according to any one of paragraphs 1-13, wherein the
nitrogen precursor comprises ammonia, hydrazine, dimethyl hydrazine, tert-
butylhydrazine, phenylhydrazine, 2,2’-azoisobutane, ethylazide, isomers thereof, or

any combinations thereof.

[0056] 15. The method according to any one of paragraphs 1-14, wherein the
silicon precursor comprises silane, disilane, trisilane, tetrasilane, pentasilane,
methylsilane, chlorosilane, dichlorosilane, trichlorosilane, silicon tetrachloride,

hexachlorodisilane, or any combinations thereof.

[0057] 16. The method according to any one of paragraphs 1-15, wherein the
carrier gas comprises nitrogen (N2), argon, helium, plasma thereof, or any

combination thereof.

[0058] 17. The method according to any one of paragraphs 1-16, wherein the

phosphorus-doped, silicon nitride film is a hardmask layer or a stop etch layer.

[0059] 18. The method according to any one of paragraphs 1-17, wherein the
deposition gas comprises phosphine, silane, and ammonia, and wherein the

phosphorus concentration is in a range from about 1 at% to about 6 at%.

[0060] 19. The method according to any one of paragraphs 1-18, wherein the
plasma-enhanced chemical vapor deposition process is a pulsed plasma process
which comprises pulsing an RF power on and off while continuing to expose the

substrate to the deposition gas.

[0061] 20. The method according to any one of paragraphs 1-19, wherein the
plasma-enhanced chemical vapor deposition process is a continuous plasma process
which comprises maintaining an RF power on while continuing to expose the substrate

to the deposition gas.

[0062] 21. A processing chamber or system for conducting or performing the

method according to any one of paragraphs 1-20.

[0063] While the foregoing is directed to embodiments of the disclosure, other and
further embodiments may be devised without departing from the basic scope thereof,

and the scope thereof is determined by the claims that follow. All documents
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described herein are incorporated by reference herein, including any priority
documents and/or testing procedures to the extent they are not inconsistent with this
text. As is apparent from the foregoing general description and the specific
embodiments, while forms of the present disclosure have been illustrated and
described, various modifications can be made without departing from the spirit and
scope of the present disclosure. Accordingly, it is not intended that the present
disclosure be limited thereby. Likewise, the term "comprising" is considered
synonymous with the term "including" for purposes of United States law. Likewise
whenever a composition, an element or a group of elements is preceded with the
transitional phrase "comprising", it is understood that we also contemplate the same
composition or group of elements with transitional phrases "consisting essentially of,"
"consisting of", "selected from the group of consisting of," or "is" preceding the

recitation of the composition, element, or elements and vice versa.

[0064] Certain embodiments and features have been described using a set of
numerical upper limits and a set of numerical lower limits. It should be appreciated
that ranges including the combination of any two values, e.g., the combination of any
lower value with any upper value, the combination of any two lower values, and/or the
combination of any two upper values are contemplated unless otherwise indicated.

Certain lower limits, upper limits and ranges appear in one or more claims below.
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What is claimed is:

1. A method of depositing a material on a substrate in a processing chamber,
comprising:
exposing a substrate to a deposition gas in the presence of RF power to deposit
a phosphorus-doped, silicon nitride film on the substrate during a plasma-enhanced
chemical vapor deposition process, wherein:
the deposition gas comprises a silicon precursor, a nitrogen precursor,
a phosphorus precursor, and a carrier gas; and
the phosphorus-doped, silicon nitride film has a phosphorus
concentration in a range from about 0.1 atomic percent (at%) to
about 10 at%.

2. The method of claim 1, further comprising turning off the RF power while
continuing to expose the substrate to the deposition gas, and wherein the phosphorus-

doped, silicon nitride film is a hardmask layer or a stop etch layer.

3. The method of claim 1, wherein the plasma-enhanced chemical vapor
deposition process is a pulsed plasma process which comprises pulsing the RF power

on and off while continuing to expose the substrate to the deposition gas.

4. The method of claim 1, wherein the plasma-enhanced chemical vapor
deposition process is a continuous plasma process which comprises maintaining the

RF power on while continuing to expose the substrate to the deposition gas.

. The method of claim 1, further comprising densifying the phosphorus-doped,
silicon nitride film by exposing the substrate to hydrogen while continuing to expose

the substrate to the deposition gas.
6. The method of claim 1, further comprising densifying the phosphorus-doped,

silicon nitride film by sequentially alternating between cycles of the plasma-enhanced

chemical vapor deposition process and a nitrogen-plasma process, wherein the
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nitrogen-plasma process comprises exposing the substrate to a nitrogen plasma while

ceasing to expose the substrate to the deposition gas.

7. The method of claim 1, wherein the phosphorus concentration is in a range

from about 1 at% to about 6 at%.

8. The method of claim 1, wherein the phosphorus-doped, silicon nitride film has
a nitrogen concentration in a range from about 40 at% to about 70 at% and a silicon

concentration in a range from about 25 at% to about 55 at%.

9. The method of claim 1, wherein the phosphorus precursor comprises
phosphine, methylphosphine, ethylphosphine, propylphosphine, butylphosphine,
phosphorus oxychloride, trimethylphosphate, triethylphosphate, isomers thereof, or

any combination thereof.

10. The method of claim 1, wherein the nitrogen precursor comprises ammonia,
hydrazine, dimethyl hydrazine, tert-butylhydrazine, phenylhydrazine, 2,2-
azoisobutane, ethylazide, isomers thereof, or any combinations thereof, and wherein
the silicon precursor comprises silane, disilane, trisilane, tetrasilane, pentasilane,
methylsilane, chlorosilane, dichlorosilane, trichlorosilane, silicon tetrachloride,

hexachlorodisilane, or any combinations thereof.

11. A method of depositing a material on a substrate in a processing chamber,
comprising:
exposing a substrate to a deposition gas while depositing a phosphorus-doped,
silicon nitride film on the substrate during a plasma-enhanced chemical vapor
deposition process, wherein:
the deposition gas comprises a silicon precursor, a nitrogen precursor,
a phosphorus precursor, and a carrier gas; and
the phosphorus-doped, silicon nitride film has a phosphorus
concentration in a range from about 0.5 atomic percent (at%) to
about 8 at%.
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12. The method of claim 11, wherein the deposition gas comprises phosphine,
silane, and ammonia, and wherein the phosphorus concentration is in a range from

about 1 at% to about 6 at%.

13. A method of depositing a material on a substrate in a processing chamber,
comprising:
exposing a substrate to a deposition gas to deposit a phosphorus-doped,
silicon nitride film on the substrate during a plasma-enhanced chemical vapor
deposition process, wherein:
the deposition gas comprises a silicon precursor, a nitrogen precursor,
a phosphorus precursor, and a carrier gas; and
the phosphorus-doped, silicon nitride film has a phosphorus
concentration in a range from about 0.1 atomic percent (at%) to
about 10 at%;
ceasing the plasma-enhanced chemical vapor deposition process; then
exposing the substrate to a nitrogen plasma to densify the phosphorus-doped,
silicon nitride film during a nitrogen-plasma process;
ceasing the nitrogen-plasma process; and
sequentially repeating cycles of the plasma-enhanced chemical vapor

deposition process and the nitrogen-plasma process.

14. The method of claim 13, wherein the plasma-enhanced chemical vapor
deposition process is a pulsed plasma process which comprises pulsing an RF power

on and off while continuing to expose the substrate to the deposition gas.
15. The method of claim 13, wherein the plasma-enhanced chemical vapor

deposition process is a continuous plasma process which comprises maintaining an

RF power on while continuing to expose the substrate to the deposition gas.
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