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METHOD FOR REDUCING THE WET ETCH RATE OF A SIN
FILM WITHOUT DAMAGING THE UNDERLYING SUBSTRATE

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims benefit of U.S. Patent Application No. 15/349,753,
filed November 11, 2016, and titled “METHOD FOR REDUCING THE WET ETCH
RATE OF A SIN FILM WITHOUT DAMAGING THE UNDERLYING
SUBSTRATE,” which is incorporated by reference herein in its entirety and for all

purposes.

BACKGROUND

[0002] Semiconductor device fabrication may involve deposition of silicon nitride
films. Silicon nitride thin films have unique physical, chemical, and mechanical
properties and thus are used in a variety of applications. For example, silicon nitride
films may be used in diffusion barriers, gate insulators, sidewall spacers,
encapsulation layers, strained films in transistors, and the like. Conventional methods
of depositing silicon nitride films may damage components of the process chamber

where deposition is performed, or may damage substrate materials.

SUMMARY

[0003] Provided herein are methods of processing substrates. One aspect involves a
method of processing a substrate, the method including: (a) providing the substrate to
a chamber; (b) depositing a conformal silicon nitride film over the substrate at a first
temperature by: (i) exposing the substrate to a chlorine-free silicon precursor under
conditions allowing the chlorine-free silicon precursor to adsorb onto the surface of
the substrate, thereby forming an adsorbed layer of the chlorine free silicon precursor,
and (i1) exposing the adsorbed layer of the chlorine-free silicon precursor to a
nitrogen-containing reactant to form a silicon nitride film over the substrate using a
plasma-free thermal reaction; and (c) treating the silicon nitride film by exposing the
silicon nitride film to a treatment gas and igniting a plasma at a second temperature

less than 100°C to form a treated silicon nitride film.

[0004] In various embodiments, the first temperature is between 100°C and 250°C.
In various embodiments, the second temperature is between 25°C and 100°C. In

some embodiments, the second temperature is between 50°C and 100°C.
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[0005] In various embodiments, the wet etch rate of the treated silicon nitride film

in 100:1 hydrofluoric acid is less than about 30A/minute.

[0006] In some embodiments, treating the silicon nitride film reduces the wet etch

rate of the silicon nitride film in 100:1 hydrofluoric acid by at least 90%.
[0007] In various embodiments, the treatment gas is nitrogen and/or helium.

[0008] The method can also include repeating (i) and (ii) in deposition cycles to
deposit the conformal silicon nitride film. In various embodiments, (c) is performed
after every deposition cycle. In some embodiments, (c) is performed every n

deposition cycles of repeating (1) and (i1) in (a), and n is an integer greater than 2.

[0009] In various embodiments, the treated silicon nitride film has less than 5%
hydrogen in atomic content. In some embodiments, the conformal silicon nitride film

is deposited to a thickness less than about S0A.

[0010] The silicon nitride film may be deposited over a memory stack including
germanium, antimony, and tellurium. In some embodiments, the silicon nitride film is

deposited over one or more exposed layers of chalcogenide material.

[0011] In various embodiments, the treated silicon nitride film has a density of at
least about 2.4 g/cc. In some embodiments, treating the silicon nitride film reduces

the N-H content of the silicon nitride film as measured by FTIR.

[0012] In some embodiments, the silicon nitride film is exposed to the plasma for a
duration between about 1 second and about 10 seconds. In various embodiments, the
chlorine-free silicon precursor may be any one or more of iodine-containing silicon
precursors, bromine containing silicon precursors, and iodine-and-bromine-containing

silicon precursors.

[0013] In some embodiments, the chlorine-free silicon precursor is one or more of
compounds having a chemical formula of SiBr,I,, where x=1, y is an integer between
and including 1 and 4, and y+z=4; and compounds having a chemical formula of

Si.Bryl,, where x=2, y is an integer between and including 1 and 6, and y+z=6.

[0014] The chlorine-free silicon precursor may be any of tetrabromosilane (SiBry),
SiBrsl, SiBr;l;, SiBrls;, hexabromodisilane (Si;Brg), Si,Brsl, SipBryl;, Si;Brsls,
Si,Br;l4, SipBrls, and combinations thereof.

[0015] Another aspect involves a method of processing a substrate, the method

2
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including: (a) providing the substrate to a chamber; (b) depositing a conformal silicon
nitride film over the substrate at a first temperature by: exposing the substrate to
alternating pulses of a chlorine-free silicon precursor and a nitrogen-containing
reactant to form a silicon nitride film over the substrate using a plasma-free thermal
reaction; and (c) treating the silicon nitride film by exposing the silicon nitride film to
a treatment gas and igniting a plasma at a second temperature less than 100°C to form

a treated silicon nitride film.

[0016] Another aspect involves an apparatus for patterning substrates, the apparatus
including: one or more process chambers; one or more gas inlets into the one or more
process chambers and associated flow control hardware; a low frequency radio
frequency (LFRF) generator; a high frequency radio frequency (HFRF) generator; and
a controller having at least one processor and a memory, whereby the at least one
processor and the memory are communicatively connected with one another, the at
least one processor is at least operatively connected with the flow-control hardware,
the LFRF generator, and the HFRF generator, and the memory stores computer-
executable instructions for controlling the at least one processor to at least control the
flow-control hardware, the HFRF generator, and the LFRF generator to: depositing a
conformal silicon nitride film over the substrate at a first temperature by: introducing
a chlorine-free silicon precursor under conditions allowing the chlorine-free silicon
precursor to adsorb onto a surface of a substrate, thereby forming an adsorbed layer of
the chlorine free silicon precursor, and introducing a nitrogen-containing reactant to
form a silicon nitride film over the substrate using a plasma-free thermal reaction; and
treating the silicon nitride film by exposing the silicon nitride film to a treatment gas
and igniting a plasma at a second temperature less than 100°C to form a treated

silicon nitride film.
[0017] These and other aspects are described further below with reference to the
drawings.
BRIEF DESCRIPTION OF THE DRAWINGS
[0018] Figure 1 is a schematic illustration of an example substrate.

[0019] Figure 2 is a process flow diagram depicting operations for a method in

accordance with disclosed embodiments.

[0020] Figure 3 is a timing sequence diagram showing an example of cycles in a

3
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method in accordance with certain disclosed embodiments.

[0021] Figure 4 is a schematic diagram of an example process chamber for

performing disclosed embodiments.

[0022] Figure S is a schematic diagram of an example process tool for performing

disclosed embodiments.

[0023] Figure 6 is a plot depicting a Fourier transform infrared spectroscopy
spectrum of experimental results for a silicon nitride film deposited using certain

disclosed embodiments.

DETAILED DESCRIPTION

[0024] In the following description, numerous specific details are set forth to
provide a thorough understanding of the presented embodiments. The disclosed
embodiments may be practiced without some or all of these specific details. In other
instances, well-known process operations have not been described in detail to not
unnecessarily obscure the disclosed embodiments. While the disclosed embodiments
will be described in conjunction with the specific embodiments, it will be understood

that it is not intended to limit the disclosed embodiments.

[0025] Semiconductor fabrication processes often involve deposition of silicon
nitride material. In one example, silicon nitride may be used in semiconductor device
fabrication as diffusion barriers, gate insulators, sidewall spacers, and encapsulation
layers. Conformal silicon nitride layers may also be used in other applications. For
example, silicon nitride may be used during fabrication of memory structures. Silicon
nitride is used as an encapsulation layer over memory devices. Conventional memory
structures include metal oxide materials used for bit storage. However, as advanced
memory structures are developed to accommodate smaller device sizes and improve
efficiency, new challenges arise. =~ Advanced memory architectures such as
magnetoresistive random-access memory and phase change random-access memory
(PCRAM) rely on new materials (other than metal oxides) for bit storage. In the case
of PCRAM for example, the phase of a metal chalcogenide determines the bit state.
Some example chalcogenides include sulfur (S), selenium (Se), and tellurium (Te).
These new materials are air and moisture sensitive and may require encapsulation
layers. When combined with appropriate metalloid ions such as germanium (Ge),

antimony (Sb), etc., these chalcogenides form a phase change layer. One example of
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a phase change layer includes germanium, antimony, and tellurium (which may be
referred to as a “GST layer” as used herein). If damaged, the phase change layer may
not change phases. The phase change layer may also be sensitive to light. To prevent
damage to the phase change layer, a conformal silicon nitride memory encapsulation
layer is deposited over the phase change layer. It is desirable for a silicon nitride
encapsulation layer to have various characteristics: conformal deposition, low wet
etch rate, and low or no hydrogen content. Deposition and treatment operations over
the memory device are performed at low temperatures to reduce damage to the

underlying material.

[0026] However, many conventional deposition methods for depositing such silicon
nitride layers as encapsulations layers for magnetic devices either deposit non-
conformal films, such as in plasma enhanced chemical vapor deposition (PECVD), or
use chemistries that etch the chalcogenide material, such as chlorine-containing or
hydrogen-containing plasmas. For example, the metal may undergo erosion as

follows:
M(solid) + xCl(gaS) g MClx (gas) Eqn 1

[0027] In another example, the metal may undergo oxidation or nitridation. An

example of an oxidation reaction may be as follows:
M(solid) + xO(gas) - MOx (solid) Eqn~ 2

[0028] Use of a chlorine-containing silicon precursor also often involves deposition
at extremely high temperatures, such as at temperatures higher than about 500°C.
Deposition processes at such high temperatures are usually not feasible for memory
devices, as the underlayers may be damaged from the heat. For example, the highest
temperature for depositing films over a GST layer may be about 250°C to avoid
damage to the GST layer due to heat. As a result, deposition using chlorine-
containing precursors has conventionally involved igniting a plasma to catalyze the
reaction to form silicon nitride. For example, some conventional deposition involves
alternating doses of dichlorosilane (or another chlorine-containing precursor) and
ammonia (NH;3) plasma, but both of these operations tend to generate species capable
of etching chalcogenide material. Igniting plasma after adsorbing a layer of
dichlorosilane (SiClH;) to form silicon nitride by plasma enhanced atomic layer

deposition results in formation of hydrogen radicals and NH, radicals as well as
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hydrogen chloride, which may then attack metal chalcogenides and metal components

of the chamber. An example is provided in Figure 1.

[0029] Figure 1 depicts a substrate 100 including an oxide layer 101. The substrate
100 also includes a tungsten layer 103, carbon layer 105, chalcogenide layer 107,
second carbon layer 115, second chalcogenide layer 117, third carbon layer 125, and

nitride layer 109,

[0030] As shown in Figure 1, if a chlorine-containing silicon precursor is used to
deposit an encapsulation layer over the substrate, chlorine and/or hydrogen radicals
generated when the plasma is ignited with the second reactant may react to form
hydrogen chloride such that chlorine may react with aluminum, germanium, or
antimony, or other chamber material metals including iron or copper. These materials
(e.g., AlCl;, GeCly, or SbCl;) may generate an evaporative layer, which form volatile
metal salts. These materials have a low boiling point; for example, the boiling point
of AICI; is 120°C, the boiling point of GeCly is 87°C, and the boiling point of SbCl; is
200°C. These volatile metal salts may thereby redeposit onto other layers of the
substrate resulting in defects and performance issues. Thus, chlorine precursors suffer
from the general issues of metal contamination in the films due to chamber etching

which produces volatile metal chlorides (Al, Fe, and Cu).

[0031] Similarly, a plasma generated from a nitrogen-containing reactant such as
ammonia may form free hydrogen ions, radicals, and other plasma species that may
also etch the chalcogenide. For example, a hydrogen plasma may react with tellurium
or selenium to form H,Te and H,Se respectively, thereby removing material from the
stack and resulting in performance issues and defects. These materials have a low
boiling point; for example, H,Te has a boiling point of -2°C, and H,Se has a boiling
point of -41°C. Generation of such material from exposure to hydrogen plasma may
thereby etch the stack. Accordingly, conventional chlorine- and hydrogen-free
processes (e.g. using an N, plasma) do not generate a conformal film and are not

effective as barriers.

[0032] A chlorine-free silicon precursor may be used for depositing a conformal
silicon nitride film using a thermal atomic layer deposition (ALD) process over
memory devices. Discussion on using such precursors in silicon nitride deposition by

ALD are further described in U.S. Patent Application No. 14/935,317, filed on
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November 6, 2015 and titled “METHOD FOR ENCAPSULATING A
CHALCOGENIDE MATERIAL” and U.S. Patent Application No. 15/272,222, filed
on September 21, 2016 and titled “BROMINE CONTAINING SILICON
PRECURSORS FOR ENCAPSULATION LAYERS”, which are herein incorporated

by reference in their entireties.

[0033] While these precursors are used to deposit silicon nitride without damaging
the underlying substrate, the resulting silicon nitride film still has a high wet etch rate,
which affects subsequent processing. It is desirable to have a low wet etch rate silicon
nitride material to sufficiently encapsulate the underlying device when the substrate is
exposed to various chemicals in subsequent processing. For example, the film may be
exposed to chemistries for performing chemical mechanical planarization. However,
techniques for lowering the wet etch rate of the silicon nitride film are lacking. For
example, one technique is to plasma-treat the silicon nitride using nitrogen to reduce
the wet etch rate after depositing the silicon nitride such that plasma treatment and
deposition are performed at the same temperature of about 250°C. Temperature is
maximized to the highest temperature the substrate can allow (e.g., 250°C) to reduce
the hydrogen content in the film. However, such treatment damages the underlying
material, such as a GST layer that may be on a PCRAM device because the nitrogen
plasma reacts with germanium to form germanium nitride (GeN) on the surface.
Germanium nitride formation results in a crust over the material, thereby affecting

device performance.

[0034] Provided herein are methods and apparatuses for forming conformal silicon
nitride over a memory device such that the formed silicon nitride film has reduced wet
etch rate without damaging the underlying substrate. Methods are particularly
applicable to encapsulation of PCRAM devices, especially devices where the phase
change layer is a GST layer. Methods involve forming a silicon nitride layer using a
chlorine-free silicon precursor and treating the silicon nitride layer using a hydrogen-
free plasma at low temperatures, such as less than about 100°C. The improvement in
wet etch rate reduction is surprising and counter-intuitive, as it is usually expected for
wet etch rate to increase at lower temperatures (hence conventional techniques of
performing deposition and any treatment at the maximum temperature allowable by
the underlying substrate without damaging it). Instead, disclosed embodiments

involve using low temperatures to improve wet etch rate performance.
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[0035] Figure 2 provides a process flow diagram of operations that are performed in
accordance with certain disclosed embodiments. In operation 201, a substrate is
provided to a process chamber. The substrate may be a silicon wafer, e.g., a 200-mm
wafer, a 300-mm wafer, or a 450-mm wafer, including wafers having one or more
layers of material, such as dielectric, conducting, or semi-conducting material
deposited thereon. Non-limiting examples of under-layers include dielectric layers
and conducting layers, e.g., silicon oxides, silicon nitrides, silicon carbides, metal
oxides, metal nitrides, metal carbides, and metal layers. In some embodiments, the
substrate includes a stack such as the one depicted in Figure 1. In some embodiments,
the substrate includes two or more stacks, each of the stacks including layers such as
the layers depicted in Figure 1. The space between stacks may be narrow such that
aspect ratios between stacks may be between about 3:1 and about 10:1, such as about

5:1.

[0036] During operations 203-213 of Figure 2A, an inert gas may be flowed. In
various embodiments, the inert gas is used as a carrier gas. Example carrier gases
include argon, helium, and neon. In some embodiments, a hydrogen-containing
carrier gas may be used. In some embodiments, the carrier gas is used as a purge gas
in some operations. In some embodiments, the carrier gas is diverted. The inert gas
may be provided to assist with pressure and/or temperature control of the process
chamber, evaporation of a liquid reactant, more rapid delivery of the reactant and/or
as a sweep gas for removing process gases from the process chamber and/or process
chamber plumbing. Various disclosed embodiments may be performed at a pressure
between about 0.1 Torr and about 20 Torr. Operations 203-213 may be performed at
a substrate temperature less than about 300°C, such as between about 50°C and about
300°C, for example, about 250°C. In such embodiments, the pedestal may be set to a
temperature of less than about 300°C to control the substrate temperature. For
example, for MRAM and PCRAM applications, the materials on the substrate may be
sensitive to high temperatures. In some embodiments, silicon nitride is deposited at a

temperature between about 200°C and about 275°C.

[0037] In operation 203, the substrate is exposed to an iodine-containing and/or
bromine-containing silicon precursor such that the iodine-containing and/or bromine-
containing silicon precursor adsorbs onto the substrate surface. Iodine-containing

and/or bromine-containing silicon precursors may be completely substituted with
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bromine and/or iodine atoms in various embodiments. That is, iodine-containing
precursors and/or bromine-containing precursors may have no hydrogen atoms.
Disclosed embodiments involve precursors not conventionally used for deposition of
silicon nitride by ALD. Using an iodine-containing and/or bromine-containing silicon
precursor allows for chlorine-free deposition. Example iodine-containing silicon
precursors include diiodosilane (DIS), tetraiodosilane, hexaiododisilane, and others.
In various embodiments, bromine-containing silicon precursors are fully halogenated.
Bromine-containing silicon precursors may have the chemical formula Si,BryI,, where
if x=1, y is an integer between and including 1 and 4, and y+z=4, or where if x=2, y is
an integer between and including 1 and 6, and y+z=6. Example bromine-containing
silicon precursors include tetrabromosilane (SiBry), SiBr3l, SiBrl,, SiBrl;,
hexabromodisilane (Si;Brg), Si,Brsl, Si,Bryl;, Si;Brsl;, SipBrly, Si;Brls, and

combinations thereof.

[0038] Operation 203 may be part of an ALD cycle. As discussed above, generally
an ALD cycle is the minimum set of operations used to perform a surface deposition
reaction one time. In some embodiments, the result of one cycle is production of at
least a partial silicon nitride film layer on a substrate surface. The cycle may include
certain ancillary operations such as sweeping one of the reactants or byproducts
and/or treating the partial film as deposited. Generally, a cycle contains one instance
of a unique sequence of operations. As discussed above, generally a cycle is the
minimum set of operations used to perform a surface deposition reaction one time.
The result of one cycle is production of at least a partial film layer, e.g., a partial

silicon nitride film layer, on a substrate surface.

[0039] During operation 203, the substrate is exposed to a silicon-containing
precursor such that the silicon-containing precursor is adsorbed onto the substrate
surface to form an adsorbed layer. In some embodiments, an iodine-containing and/or
bromine-containing silicon precursor adsorbs onto the substrate surface in a self-
limiting manner such that once active sites are occupied by the iodine-containing
and/or bromine-containing silicon precursor, little or no additional iodine-containing
and/or bromine-containing silicon precursor will be adsorbed on the substrate surface.
For example, iodine-containing and/or bromine-containing silicon precursor may be
adsorbed onto about 60% of the substrate surface. In various embodiments, when the

iodine-containing and/or bromine-containing silicon precursor is flowed to the
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chamber, the iodine-containing and/or bromine-containing silicon precursor adsorbs
onto active sites on the surface of the substrate, forming a thin layer of the iodine-
containing and/or bromine-containing silicon precursor on the surface. In various
embodiments, this layer may be less than a monolayer, and may have a thickness
between about 0.2 A and about 0.4 A. Methods provided herein may be performed at
a temperature less than about 300°C, such as at about 250°C. In some embodiments,
disclosed embodiments are performed at a temperature between about 50°C and about
300°C, such as at a temperature between about 200°C and about 275°C. In some
embodiments, silicon nitride is deposited at a temperature between about 50°C and
about 300°C. In some embodiments, silicon nitride is deposited at a temperature

between about 200°C and about 275°C.

[0040] In operation 205, the process chamber is optionally purged to remove excess
iodine-containing silicon precursor in gas phase that did not adsorb onto the surface of
the substrate. Purging the chamber may involve flowing a purge gas or a sweep gas,
which may be a carrier gas used in other operations or may be a different gas. In
some embodiments, purging may involve evacuating the chamber. Example purge
gases include argon, nitrogen, hydrogen, and helium. In some embodiments,
operation 205 may include one or more evacuation subphases for evacuating the
process chamber. Alternatively, it will be appreciated that operation 205 may be
omitted in some embodiments. Operation 205 may have any suitable duration, such
as between about 0 seconds and about 60 seconds, for example about 0.01 seconds.
In some embodiments, increasing a flow rate of one or more purge gases may
decrease the duration of operation 205. For example, a purge gas flow rate may be
adjusted according to various reactant thermodynamic characteristics and/or
geometric characteristics of the process chamber and/or process chamber plumbing
for modifying the duration of operation 205. In one non-limiting example, the
duration of a purge phase may be adjusted by modulating purge gas flow rate. This
may reduce deposition cycle time, which may improve substrate throughput. After a
purge, the iodine-containing and/or bromine-containing silicon precursors remain

adsorbed onto the substrate surface.

[0041] In operation 211, the substrate is exposed to a second reactant to react with
the adsorbed layer of the iodine-containing and/or bromine-containing silicon

precursor. Note that the term “second reactant” may be used to describe one or more
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gases introduced to the chamber when plasma is ignited in an ALD cycle. In various
embodiments, the second reactant is a nitrogen-containing reactant. In some
embodiments, operation 203 may be performed before performing operation 211. In
some embodiments, operation 211 may be performed before performing operation
203. In some embodiments, operation 211 may be performed before depositing any

silicon nitride.

[0042] In some embodiments, the reaction may be thermal. Methods involving
thermal ALD using either ammonia (NH;3) or hydrazines (e.g., HyN;) reduce
contamination and reduce the presence of hydrogen radicals during deposition,
thereby reducing etching of the chalcogenide and/or metals on the substrate and/or in
the chamber. For a thermal process, deposition may be performed at a temperature of
at least about 250°C, such as about 300°C. In some embodiments, disclosed
embodiments are performed at a temperature between about 50°C and about 300°C,
such as at a temperature between about 200°C and about 275°C. In some
embodiments, silicon nitride is deposited at a temperature between about 50°C and
about 300°C. In some embodiments, silicon nitride is deposited at a temperature

between about 200°C and about 275°C.

[0043] In some embodiments, a plasma may be optionally ignited in operation 211.
Plasma energy may be provided to activate the second reactant, such as a nitrogen-
containing gas, into ions and radicals and other activated species, which react with the
adsorbed layer of the first precursor. In disclosed embodiments involving a plasma,
the plasma may include less than about 1% hydrogen radicals, thereby reducing
etching of chalcogenide or metal material during deposition. In various embodiments,
the plasma is an in-situ plasma, such that the plasma is formed directly above the
substrate surface in the chamber. The in-situ plasma may be ignited at a power per
substrate area between about 0.2122 W/em” and about 2.122 W/cm®. For example,
the power may range from about 150W to about 6000W, or from about 600 W to
about 6000 W, or from about 800 W to about 4000 W, for a chamber processing four
300 mm wafers. For example, plasmas for ALD processes may be generated by
applying a radio frequency (RF) field to a gas using two capacitively coupled plates.
Ionization of the gas between plates by the RF field ignites the plasma, creating free
electrons in the plasma discharge region. These electrons are accelerated by the RF

field and may collide with gas phase reactant molecules. Collision of these electrons
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with reactant molecules may form radical species that participate in the deposition
process. It will be appreciated that the RF field may be coupled via any suitable
electrodes. In various embodiments, a high frequency plasma is used having a
frequency of at least about 13.56 MHz, or at least about 27 MHz, or at least about
40 MHz, or at least about 60 MHz. In some embodiments, a microwave-based
plasma may be used. Non-limiting examples of electrodes include process gas
distribution showerheads and substrate support pedestals. It will be appreciated that
plasmas for ALD processes may be formed by one or more suitable methods other
than capacitive coupling of an RF field to a gas. In some embodiments, the plasma is
a remote plasma, such that a second reactant is ignited in a remote plasma generator

upstream of the chamber, then delivered to the chamber where the substrate is housed.

[0044] Where a plasma is used, a dose of an iodine-containing silicon precursor
may be followed by a dose of nitrogen (N,) or hydrogen (H,) plasma. The
corresponding iodine-containing and/or bromine-containing metal salts that may
generate from reacting with chalcogenides on the substrate or metals of the chamber
components may not be sufficiently volatile to result in wafer contamination. For
example, iodine-containing salts including aluminum, germanium, or antimony have
higher boiling points than corresponding chlorine-containing salts. As a result,
iodine-containing salts may form a passivation layer, but not an evaporative layer, and
the salts are less likely to redeposit onto materials on the substrate. In some cases,
aluminum may react with chlorine such that the chamber is etched and therefore

damaged, and aluminum may also decompose onto the wafer.

[0045] Returning to Figure 2A, in operation 213, the chamber is optionally purged
to remove the etched species and any residual byproducts. Operation 213 may be

purged using any of the conditions described above with respect to operation 205.

[0046] After performing operation 213, it is determined whether the desired
thickness of film has been deposited. If not, operations 203-213 are repeated in
sufficient cycles to deposit a desired thickness of film. Any suitable number of
deposition cycles may be included in an ALD process to deposit a desired film
thickness of silicon nitride. For example, about fifty deposition cycles may be
performed to deposit a film on the substrate using disclosed embodiments. In some
embodiments the thickness of the deposited silicon nitride film may be greater than

about 30A on a sidewall over a stack of films for fabrication of a memory device.
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[0047] In operation 299, the substrate is exposed to a plasma treatment at a
substrate temperature less than about 100°C. A treatment gas is flowed and a plasma
is ignited. The treatment gas may be nitrogen and/or helium. In various
embodiments, operation 299 involves changing the substrate temperature by adjusting
the temperature to which the pedestal holding the substrate is set. In some
embodiments, the plasma treatment is performed at a substrate temperature between
about 25°C and about 100°C, or between about 50°C and about 100°C. The substrate
is exposed to the treatment plasma after every n cycles of performing operations 203-
213, where n is any integer of 1 or greater. In some embodiments, the treatment is

performed after all cycles of operations 203-213 over a formed silicon nitride film.

[0048] Treating the deposited silicon nitride film with a nitrogen and/or helium
plasma at a higher temperature such as about 250°C results in nitridation of the
underlayers, such as a GST layer, and formation of a germanium nitride crust, which
affects device performance. Although deposition and treatment temperatures are
generally selected to be as high as possible to minimize the hydrogen content of the
silicon nitride film and reduce the wet etch rate, treatment performed at low
temperatures of less than about 100°C as described herein with respect to certain
disclosed embodiments yields surprisingly low wet etch rate silicon nitride films.
Treatments at lower temperatures as described herein are not expected to substantially
affect the wet etch rate. However, wet etch rate of the treated silicon nitride film is
surprisingly substantially reduced when treatment is performed at temperatures less
than about 100°C. Treating silicon nitride films reduces the wet etch rate by at least
90%. Disclosed embodiments result in treated silicon nitride films having a wet etch
rate in 100:1 dilute hydrofluoric acid of less than about 30A/minute. Additionally,
plasma treatment eliminates formation of the germanium nitride crust, and reduces the
hydrogen content of the film, which may be incorporated from silicon precursors or
reactants used for depositing the silicon nitride film. Untreated films may have a
hydrogen content of about 20% or more in atomic content. In contrast, films treated
using certain disclosed embodiments as described herein have a hydrogen content of
less than about 5% in atomic content. Untreated films may also have a lower density,
such as between about 2.0 g/cc and about 2.2 g/cc. In various embodiments, film
treated in accordance with certain disclosed embodiments may have a density of at

least about 2.4 g/cc.
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[0049] Operation 299 involves setting the temperature of the pedestal holding the
substrate to a temperature less than about 100°C, introducing a nitrogen or helium gas
to the chamber, and igniting a plasma. In various embodiments, the plasma does not
contain hydrogen, as a hydrogen-containing plasma will etch underlying material,
such as a GST layer. The plasma in some embodiments is an in-situ plasma, such that
the plasma is formed directly above the substrate surface in the chamber. The in-situ
plasma may be ignited at a power per substrate area between about 0.10 W/cm? and
about 2.0 W/em®. For example, the power may range from about 75W to about
1500W; or from about 300W to about 6000W for a chamber processing four 300 mm
wafers. For example, plasmas for ALD processes may be generated by applying a
radio frequency (RF) field to a gas using two capacitively coupled plates. Ionization
of the gas between plates by the RF field ignites the plasma, creating free electrons in
the plasma discharge region. These electrons are accelerated by the RF field and may
collide with gas phase molecules. Collision of these electrons with molecules may
form radical species that participate in the treatment process. It will be appreciated
that the RF field may be coupled via any suitable electrodes. In various embodiments,
a high frequency plasma is used having a frequency of at least about 13.56 MHz, or at
least about 27 MHz, or at least about 40 MHz, or at least about 60 MHz. In some
embodiments, a microwave-based plasma may be used. Non-limiting examples of
electrodes include process gas distribution showerheads and substrate support
pedestals. It will be appreciated that plasmas for ALD processes may be formed by
one or more suitable methods other than capacitive coupling of an RF field to a gas.
In some embodiments, the plasma is a remote plasma, such that nitrogen or helium is
ignited in a remote plasma generator upstream of the chamber, then delivered to the

chamber where the substrate is housed.

[0050] The silicon nitride film is treated for a duration between about 1 second and
about 10 seconds. In some embodiments, the silicon nitride film is deposited to a

thickness of about 100A after performing operations 203-299 in cycles.

[0051] Figure 3 provides a timing scheme diagram for performing a low
temperature treatment phase after two cycles of deposition. Note that while two
cycles are depicted, any number of cycles may be performed to deposit silicon nitride.
Additionally, while one treatment phase is depicted for two cycles of deposition, it

will be understood that the treatment may be performed after every cycle, or after
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every 2 cycles, or after every 3 cycles, or after every n cycles, for any integer n

greater than or equal to 1.

[0052] Figure 3 depicts a process 300 including two deposition cycles — deposition
cycle 310A and deposition 310B with a low temperature treatment phase 390
following the two deposition cycles. Figure 3 also shows carrier gas flow,
iodosilane/bromosilane precursor gas flow, nitrogen gas flow, temperature, and
plasma. It will be understood that the precursor may include an iodosilane,
bromosilane, or combination thereof. The example shown in Figure 3 involves using
a nitrogen plasma for the low temperature treatment phase 390, but it will be
understood that in some embodiments, another non-hydrogen-containing gas such as

helium may be used to ignite the plasma.

[0053] Deposition cycle 310A includes an iodosilane/bromosilane precursor
exposure phase 357A, purge phase 359A, nitrogen reactant exposure phase 361A, and
purge phase 363A. These operations may constitute one ALD cycle. During
iodosilane/bromosilane precursor exposure phase 357A, a carrier gas may be flowed.
In some embodiments, a carrier gas may be flowed with the precursor and then
diverted. lodosilane/bromosilane precursor exposure phase 357A may correspond to
operation 203 of Figure 2. During iodosilane/bromosilane precursor exposure phase
357A, the iodosilane/bromosilane precursor gas flow is turned on, nitrogen flow is
turned off, and temperature is set on “high”, which may be about 250°C, or the
highest possible temperature for forming the silicon nitride film without damaging the
substrate. In purge phase 359A, the iodosilane/bromosilane precursor flow is turned
off, nitrogen flow remains off, temperature remains at 250°C, and the carrier gas may
be flowed to the chamber to remove precursors that did not adsorb to the substrate.
This phase may correspond to operation 205 of Figure 2. In nitrogen reactant
exposure phase 361A, the carrier gas may continue to flow and/or may be used to
introduce nitrogen to the chamber. Iodosilane/bromosilane precursor flow remains
off, nitrogen gas flow is turned on and temperature remains at 250°C. It will be noted
that plasma remains off during the deposition cycle to allow a thermal deposition
process. Nitrogen reactant exposure phase 361 A may correspond to operation 211 of
Figure 2. In purge phase 363A, a carrier gas is flowed to remove byproducts from
reacting the iodosilane/bromosilane precursor with the nitrogen reactant,

iodosilane/bromosilane precursor flow remains off, nitrogen gas flow is turned off,
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and temperature remains at 250°C. This phase may correspond to operation 213 of

Figure 2.

[0054] Following deposition cycle 310A, the ALD cycle is repeated for deposition
cycle 310B, which may correspond to optionally repeating operations 203-213 of
Figure 2. As shown in Figure 3, deposition cycle 310B includes phases mirroring
those of deposition cycle 310A, as the ALD cycle is repeated to include
iodosilane/bromosilane precursor exposure phase 357B, purge phase 359B, nitrogen
reactant exposure phase 361B, and purge phase 363B. Following deposition cycle
310B, a low temperature treatment phase 390 is performed such that carrier gas may
be flowed and/or be wused to introduce nitrogen and be diverted,
iodosilane/bromosilane precursor flow remains off, nitrogen flow is turned on, and
temperature is reduced to a temperature less than about 100°C. Here, low temperature
treatment phase 390 may correspond to operation 299 of Figure 2. Note that although
not shown in Figure 3, deposition cycle 310A, deposition cycle 310B, and low
temperature post-treatment phase 390 may be repeated in subsequent cycles until the
desired thickness of a silicon nitride film having low hydrogen content and low wet

etch rate is achieved.

APPARATUS

[0055] Figure 4 depicts a schematic illustration of an embodiment of an atomic
layer deposition (ALD) process station 400 having a process chamber body 402 for
maintaining a low-pressure environment. A plurality of ALD process stations 400
may be included in a common low pressure process tool environment. For example,
Figure 5 depicts an embodiment of a multi-station processing tool 500. In some
embodiments, one or more hardware parameters of ALD process station 400
including those discussed in detail below may be adjusted programmatically by one or

more computer controllers 450.

[0056] ALD process station 400 fluidly communicates with reactant delivery
system 401a for delivering process gases to a distribution showerhead 406. Reactant
delivery system 401a includes a mixing vessel 404 for blending and/or conditioning
process gases, such as an iodine-containing and/or bromine-containing silicon
precursor gas, or second reactant gas (e.g., ammonia or hydrazine), for delivery to

showerhead 406. One or more mixing vessel inlet valves 420 may control
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introduction of process gases to mixing vessel 404. Nitrogen plasma or hydrogen
plasma may also be delivered to the showerhead 406 or may be generated in the ALD

process station 400.

[0057] As an example, the embodiment of Figure 4 includes a vaporization point
403 for vaporizing liquid reactant to be supplied to the mixing vessel 404. In some
embodiments, vaporization point 403 may be a heated vaporizer. The saturated
reactant vapor produced from such vaporizers may condense in downstream delivery
piping. Exposure of incompatible gases to the condensed reactant may create small
particles. These small particles may clog piping, impede valve operation, contaminate
substrates, etc. Some approaches to addressing these issues involve purging and/or
evacuating the delivery piping to remove residual reactant. However, purging the
delivery piping may increase process station cycle time, degrading process station
throughput. Thus, in some embodiments, delivery piping downstream of vaporization
point 403 may be heat traced. In some examples, mixing vessel 404 may also be heat
traced. In one non-limiting example, piping downstream of vaporization point 403
has an increasing temperature profile extending from approximately 100°C to

approximately 150°C at mixing vessel 404.

[0058] In some embodiments, liquid precursor or liquid reactant may be vaporized
at a liquid injector. For example, a liquid injector may inject pulses of a liquid
reactant into a carrier gas stream upstream of the mixing vessel. In one embodiment,
a liquid injector may vaporize the reactant by flashing the liquid from a higher
pressure to a lower pressure. In another example, a liquid injector may atomize the
liquid into dispersed microdroplets that are subsequently vaporized in a heated
delivery pipe. Smaller droplets may vaporize faster than larger droplets, reducing a
delay between liquid injection and complete vaporization. Faster vaporization may
reduce a length of piping downstream from vaporization point 403. In one scenario, a
liquid injector may be mounted directly to mixing vessel 404. In another scenario, a

liquid injector may be mounted directly to showerhead 406.

[0059] In some embodiments, a liquid flow controller (LFC) upstream of
vaporization point 403 may be provided for controlling a mass flow of liquid for
vaporization and delivery to process station 400. For example, the LFC may include a
thermal mass flow meter (MFM) located downstream of the LFC. A plunger valve of
the LFC may then be adjusted responsive to feedback control signals provided by a
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proportional-integral-derivative (PID) controller in electrical communication with the
MFM. However, it may take one second or more to stabilize liquid flow using
feedback control. This may extend a time for dosing a liquid reactant. Thus, in some
embodiments, the LFC may be dynamically switched between a feedback control
mode and a direct control mode. In some embodiments, this may be performed by

disabling a sense tube of the LFC and the PID controller.

[0060] Showerhead 406 distributes process gases toward substrate 412. In the
embodiment shown in Figure 4, the substrate 412 is located beneath showerhead 406
and is shown resting on a pedestal 408. Showerhead 406 may have any suitable
shape, and may have any suitable number and arrangement of ports for distributing

process gases to substrate 412.

[0061] In some embodiments, pedestal 408 may be raised or lowered to expose
substrate 412 to a volume between the substrate 412 and the showerhead 406. It will
be appreciated that, in some embodiments, pedestal height may be adjusted

programmatically by a suitable computer controller 450.

[0062] In another scenario, adjusting a height of pedestal 408 may allow a plasma
density to be varied during plasma activation cycles in the process in embodiments
where a plasma is ignited. At the conclusion of the process phase, pedestal 408 may
be lowered during another substrate transfer phase to allow removal of substrate 412

from pedestal 408.

[0063] In some embodiments, pedestal 408 may be temperature controlled via
heater 410. In some embodiments, the pedestal 408 may be heated to a temperature
of at least about 250°C, or in some embodiments, less than about 300°C, such as
about 250°C, during deposition of silicon nitride films as described in disclosed
embodiments. In some embodiments, the pedestal is set at a temperature between
about 50°C and about 300°C, such as at a temperature between about 200°C and
about 275°C. In some embodiments, the pedestal is set at a temperature between
about 50°C and about 300°C. In some embodiments, the pedestal is set at a

temperature between about 200°C and about 275°C.

[0064] Further, in some embodiments, pressure control for process station 400 may
be provided by butterfly valve 418. As shown in the embodiment of Figure 4,

butterfly valve 418 throttles a vacuum provided by a downstream vacuum pump (not
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shown). However, in some embodiments, pressure control of process station 400 may
also be adjusted by varying a flow rate of one or more gases introduced to the process

station 400.

[0065] In some embodiments, a position of showerhead 406 may be adjusted
relative to pedestal 408 to vary a volume between the substrate 412 and the
showerhead 406. Further, it will be appreciated that a vertical position of pedestal
408 and/or showerhead 406 may be varied by any suitable mechanism within the
scope of the present disclosure. In some embodiments, pedestal 408 may include a
rotational axis for rotating an orientation of substrate 412. It will be appreciated that,
in some embodiments, one or more of these example adjustments may be performed

programmatically by one or more suitable computer controllers 450.

[0066] In some embodiments where plasma may be used as discussed above,
showerhead 406 and pedestal 408 electrically communicate with a radio frequency
(RF) power supply 414 and matching network 416 for powering a plasma. In some
embodiments, the plasma energy may be controlled by controlling one or more of a
process station pressure, a gas concentration, an RF source power, an RF source
frequency, and a plasma power pulse timing. For example, RF power supply 414 and
matching network 416 may be operated at any suitable power to form a plasma having
a desired composition of radical species. Examples of suitable powers are included
above. Likewise, RF power supply 414 may provide RF power of any suitable
frequency. In some embodiments, RF power supply 414 may be configured to control
high- and low-frequency RF power sources independently of one another. Example
low-frequency RF frequencies may include, but are not limited to, frequencies
between 0 kHz and 500 kHz. Example high-frequency RF frequencies may include,
but are not limited to, frequencies between 1.8 MHz and 2.45 GHz, or greater than
about 13.56 MHz, or greater than 27 MHz, or greater than 40 MHz, or greater than 60
MHz. It will be appreciated that any suitable parameters may be modulated discretely

or continuously to provide plasma energy for the surface reactions.

[0067] In some embodiments, the plasma may be monitored in-situ by one or more
plasma monitors. In one scenario, plasma power may be monitored by one or more
voltage, current sensors (e.g., VI probes). In another scenario, plasma density and/or
process gas concentration may be measured by one or more optical emission

spectroscopy sensors (OES). In some embodiments, one or more plasma parameters
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may be programmatically adjusted based on measurements from such in-situ plasma
monitors. For example, an OES sensor may be used in a feedback loop for providing
programmatic control of plasma power. It will be appreciated that, in some
embodiments, other monitors may be used to monitor the plasma and other process
characteristics. Such monitors may include, but are not limited to, infrared (IR)

monitors, acoustic monitors, and pressure transducers.

[0068] In some embodiments, instructions for a controller 450 may be provided via
input/output control (I0C) sequencing instructions. In one example, the instructions
for setting conditions for a process phase may be included in a corresponding recipe
phase of a process recipe. In some cases, process recipe phases may be sequentially
arranged, so that all instructions for a process phase are executed concurrently with
that process phase. In some embodiments, instructions for setting one or more reactor
parameters may be included in a recipe phase. For example, a first recipe phase may
include instructions for setting a flow rate of an inert and/or a reactant gas (e.g., the
first precursor such as an iodine-containing and/or bromine-containing silicon
precursor), instructions for setting a flow rate of a carrier gas (such as argon), and
time delay instructions for the first recipe phase. A second, subsequent recipe phase
may include instructions for modulating or stopping a flow rate of an inert and/or a
reactant gas, and instructions for modulating a flow rate of a carrier or purge gas and
time delay instructions for the second recipe phase. A third recipe phase may include
instructions for modulating a flow rate of a second reactant gas such as ammonia,
instructions for modulating the flow rate of a carrier or purge gas, and time delay
instructions for the third recipe phase. A fourth, subsequent recipe phase may include
instructions for modulating or stopping a flow rate of an inert and/or a reactant gas,
and instructions for modulating a flow rate of a carrier or purge gas and time delay
instructions for the fourth recipe phase. A fifth, subsequent recipe phase may include
instructions for modulating or stopping a flow rate of an inert and/or a reactant gas,
instructions for modulating a flow rate of a carrier or purge gas and time delay
instructions for the fourth recipe phase, instructions for setting a flow rate of a
treatment gas, reducing the pedestal temperature to a temperature less than about
100°C and igniting a plasma.. It will be appreciated that these recipe phases may be
further subdivided and/or iterated in any suitable way within the scope of the

disclosed embodiments. In some embodiments, the controller 450 may include any of
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the features described below with respect to system controller 550 of Figure 5.

[0069] As described above, one or more process stations may be included in a
multi-station processing tool. Figure 5 shows a schematic view of an embodiment of
a multi-station processing tool 500 with an inbound load lock 502 and an outbound
load lock 504, either or both of which may include a remote plasma source. A robot
506 at atmospheric pressure is configured to move wafers from a cassette loaded
through a pod 508 into inbound load lock 502 via an atmospheric port 510. A wafer
is placed by the robot 506 on a pedestal 512 in the inbound load lock 502, the
atmospheric port 510 is closed, and the load lock is pumped down. Where the
inbound load lock 502 includes a remote plasma source, the wafer may be exposed to
a remote plasma treatment in the load lock prior to being introduced into a processing
chamber 514. Further, the wafer also may be heated in the inbound load lock 502 as
well, for example, to remove moisture and adsorbed gases. Next, a chamber transport
port 516 to processing chamber 514 is opened, and another robot (not shown) places
the wafer into the reactor on a pedestal of a first station shown in the reactor for
processing. While the embodiment depicted in Figure 5 includes load locks, it will be
appreciated that, in some embodiments, direct entry of a wafer into a process station

may be provided.

[0070] The depicted processing chamber 514 includes four process stations,
numbered from 1to 4 in the embodiment shown in Figure 5. Each station has a
heated pedestal (shown at 518 for station 1), and gas line inlets. It will be appreciated
that in some embodiments, each process station may have different or multiple
purposes. For example, in some embodiments, a process station may be switchable
between an ALD and plasma-enhanced ALD process mode. Additionally or
alternatively, in some embodiments, processing chamber 514 may include one or
more matched pairs of ALD and plasma-enhanced ALD process stations. While the
depicted processing chamber 514 includes four stations, it will be understood that a
processing chamber according to the present disclosure may have any suitable number
of stations. For example, in some embodiments, a processing chamber may have five
or more stations, while in other embodiments a processing chamber may have three or

fewer stations.

[0071] Figure 5 depicts an embodiment of a wafer handling system 590 for

transferring wafers within processing chamber 514. In some embodiments, wafer
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handling system 590 may transfer wafers between various process stations and/or
between a process station and a load lock. It will be appreciated that any suitable
wafer handling system may be employed. Non-limiting examples include wafer
carousels and wafer handling robots. Figure 5 also depicts an embodiment of a
system controller 550 employed to control process conditions and hardware states of
process tool 500. System controller 550 may include one or more memory devices
556, one or more mass storage devices 554, and one or more processors 552.
Processor 552 may include a CPU or computer, analog, and/or digital input/output

connections, stepper motor controller boards, etc.

[0072] In some embodiments, system controller 550 controls all of the activities of
process tool 500. System controller 550 executes system control software 558 stored
in mass storage device 554, loaded into memory device 556, and executed on
processor 552. Alternatively, the control logic may be hard coded in the controller
550. Applications Specific Integrated Circuits, Programmable Logic Devices (e.g.,
field-programmable gate arrays, or FPGAs) and the like may be used for these
purposes. In the following discussion, wherever “software” or “code” is used,
functionally comparable hard coded logic may be used in its place. System control
software 558 may include instructions for controlling the timing, mixture of gases, gas
flow rates, chamber and/or station pressure, chamber and/or station temperature,
wafer temperature, target power levels, RF power levels, substrate pedestal, chuck
and/or susceptor position, and other parameters of a particular process performed by
process tool 500. System control software 558 may be configured in any suitable
way. For example, various process tool component subroutines or control objects
may be written to control operation of the process tool components used to carry out
various process tool processes. System control software 558 may be coded in any

suitable computer readable programming language.

[0073] In some embodiments, system control software 558 may include
input/output control (IOC) sequencing instructions for controlling the wvarious
parameters described above. Other computer software and/or programs stored on
mass storage device 554 and/or memory device 556 associated with system controller
550 may be employed in some embodiments. Examples of programs or sections of
programs for this purpose include a substrate positioning program, a process gas

control program, a pressure control program, a heater control program, and a plasma
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control program.

[0074] A substrate positioning program may include program code for process tool
components that are used to load the substrate onto pedestal 518 and to control the

spacing between the substrate and other parts of process tool 500.

[0075] A process gas control program may include code for controlling gas
composition (e.g., iodine-containing silicon precursor gases, and nitrogen-containing
gases, carrier gases and purge gases as described herein) and flow rates and optionally
for flowing gas into one or more process stations prior to deposition in order to
stabilize the pressure in the process station. A pressure control program may include
code for controlling the pressure in the process station by regulating, for example, a
throttle valve in the exhaust system of the process station, a gas flow into the process

station, etc.

[0076] A heater control program may include code for controlling the current to a
heating unit that is used to heat the substrate. Alternatively, the heater control

program may control delivery of a heat transfer gas (such as helium) to the substrate.

[0077] A plasma control program may include code for setting RF power levels
applied to the process electrodes in one or more process stations in accordance with

the embodiments herein.

[0078] A pressure control program may include code for maintaining the pressure in

the reaction chamber in accordance with the embodiments herein.

[0079] In some embodiments, there may be a user interface associated with system
controller 550. The user interface may include a display screen, graphical software
displays of the apparatus and/or process conditions, and user input devices such as

pointing devices, keyboards, touch screens, microphones, etc.

[0080] In some embodiments, parameters adjusted by system controller 550 may
relate to process conditions. Non-limiting examples include process gas composition
and flow rates, temperature, pressure, plasma conditions (such as RF bias power
levels), etc. These parameters may be provided to the user in the form of a recipe,

which may be entered utilizing the user interface.

[0081] Signals for monitoring the process may be provided by analog and/or digital

input connections of system controller 550 from various process tool sensors. The
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signals for controlling the process may be output on the analog and digital output
connections of process tool 500. Non-limiting examples of process tool sensors that
may be monitored include mass flow controllers, pressure sensors (such as
manometers), thermocouples, etc. Appropriately programmed feedback and control

algorithms may be used with data from these sensors to maintain process conditions.

[0082] System controller 550 may provide program instructions for implementing
the above-described deposition processes. The program instructions may control a
variety of process parameters, such as DC power level, RF bias power level, pressure,
temperature, etc. The instructions may control the parameters to operate in-situ

deposition of film stacks according to various embodiments described herein.

[0083] The system controller 550 will typically include one or more memory
devices and one or more processors configured to execute the instructions so that the
apparatus will perform a method in accordance with disclosed embodiments.
Machine-readable media containing instructions for controlling process operations in

accordance with disclosed embodiments may be coupled to the system controller 550.

[0084] In some implementations, the system controller 550 is part of a system,
which may be part of the above-described examples. Such systems can include
semiconductor processing equipment, including a processing tool or tools, chamber or
chambers, a platform or platforms for processing, and/or specific processing
components (a wafer pedestal, a gas flow system, etc.). These systems may be
integrated with electronics for controlling their operation before, during, and after
processing of a semiconductor wafer or substrate. The electronics may be referred to
as the “controller,” which may control various components or subparts of the system
or systems. The system controller 550, depending on the processing conditions and/or
the type of system, may be programmed to control any of the processes disclosed
herein, including the delivery of processing gases, temperature settings (e.g., heating
and/or cooling), pressure settings, vacuum settings, power settings, radio frequency
(RF) generator settings, RF matching circuit settings, frequency settings, flow rate
settings, fluid delivery settings, positional and operation settings, wafer transfers into
and out of a tool and other transfer tools and/or load locks connected to or interfaced

with a specific system.

[0085] Broadly speaking, the system controller 550 may be defined as electronics
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having various integrated circuits, logic, memory, and/or software that receive
instructions, issue instructions, control operation, enable cleaning operations, enable
endpoint measurements, and the like. The integrated circuits may include chips in the
form of firmware that store program instructions, digital signal processors (DSPs),
chips defined as application specific integrated circuits (ASICs), and/or one or more
microprocessors, or microcontrollers that execute program instructions (e.g.,
software). Program instructions may be instructions communicated to the system
controller 550 in the form of various individual settings (or program files), defining
operational parameters for carrying out a particular process on or for a semiconductor
wafer or to a system. The operational parameters may, in some embodiments, be part
of a recipe defined by process engineers to accomplish one or more processing steps
during the fabrication of one or more layers, materials, metals, oxides, silicon, silicon

dioxide, surfaces, circuits, and/or dies of a wafer.

[0086] The system controller 550, in some implementations, may be a part of or
coupled to a computer that is integrated with, coupled to the system, otherwise
networked to the system, or a combination thereof. For example, the system
controller 550 may be in the “cloud” or all or a part of a fab host computer system,
which can allow for remote access of the wafer processing. The computer may enable
remote access to the system to monitor current progress of fabrication operations,
examine a history of past fabrication operations, examine trends or performance
metrics from a plurality of fabrication operations, to change parameters of current
processing, to set processing steps to follow a current processing, or to start a new
process. In some examples, a remote computer (e.g. a server) can provide process
recipes to a system over a network, which may include a local network or the Internet.
The remote computer may include a user interface that enables entry or programming
of parameters and/or settings, which are then communicated to the system from the
remote computer. In some examples, the system controller 550 receives instructions
in the form of data, which specify parameters for each of the processing steps to be
performed during one or more operations. It should be understood that the parameters
may be specific to the type of process to be performed and the type of tool that the
system controller 550 is configured to interface with or control. Thus as described
above, the system controller 550 may be distributed, such as by including one or more

discrete controllers that are networked together and working towards a common
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purpose, such as the processes and controls described herein. An example of a
distributed controller for such purposes would be one or more integrated circuits on a
chamber in communication with one or more integrated circuits located remotely
(such as at the platform level or as part of a remote computer) that combine to control

a process on the chamber.

[0087] Without limitation, example systems may include a plasma etch chamber or
module, a deposition chamber or module, a spin-rinse chamber or module, a metal
plating chamber or module, a clean chamber or module, a bevel edge etch chamber or
module, a physical vapor deposition (PVD) chamber or module, a chemical vapor
deposition (CVD) chamber or module, an ALD chamber or module, an atomic layer
etch (ALE) chamber or module, an ion implantation chamber or module, a track
chamber or module, and any other semiconductor processing systems that may be

associated or used in the fabrication and/or manufacturing of semiconductor wafers.

[0088] As noted above, depending on the process step or steps to be performed by
the tool, the system controller 550 might communicate with one or more of other tool
circuits or modules, other tool components, cluster tools, other tool interfaces,
adjacent tools, neighboring tools, tools located throughout a factory, a main computer,
another controller, or tools used in material transport that bring containers of wafers to

and from tool locations and/or load ports in a semiconductor manufacturing factory.

[0089] An appropriate apparatus for performing the methods disclosed herein is
further discussed and described in U.S. Patent Application Nos. 13/084,399 (now U.S.
Patent No. 8,728,956), filed April 11, 2011, and titled “PLASMA ACTIVATED
CONFORMAL FILM DEPOSITION”; and 13/084,305, filed April 11, 2011, and
titled “SILICON NITRIDE FILMS AND METHODS,” each of which is incorporated

herein in its entireties.

[0090] The apparatus/process described herein may be used in conjunction with
lithographic patterning tools or processes, for example, for the fabrication or
manufacture of semiconductor devices, displays, LEDs, photovoltaic panels and the
like. Typically, though not necessarily, such tools/processes will be used or
conducted together in a common fabrication facility. Lithographic patterning of a
film typically includes some or all of the following operations, each operation enabled

with a number of possible tools: (1) application of photoresist on a workpiece, i.e.

2
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substrate, using a spin-on or spray-on tool; (2) curing of photoresist using a hot plate
or furnace or UV curing tool; (3) exposing the photoresist to visible or UV or x-ray
light with a tool such as a wafer stepper; (4) developing the resist so as to selectively
remove resist and thereby pattern it using a tool such as a wet bench; (5) transferring
the resist pattern into an underlying film or workpiece by using a dry or plasma-
assisted etching tool; and (6) removing the resist using a tool such as an RF or

microwave plasma resist stripper.

EXPERIMENTAL

[0091] An experiment as conducted for measuring wet etch rate of silicon nitride
material deposited by thermal atomic layer deposition. A 20A silicon nitride film was
deposited on a first substrate using repeated deposition cycles at a deposition rate of
0.37 A/cycle, each deposition cycle including: disilane dose, purge, nitrogen plasma
dose, purge. The refractive index was measured to be 1.75. The wet etch rate of this

silicon nitride film was about 1000A/min in 100:1 dilute hydrofluoric acid.

[0092] A 20A silicon nitride film was deposited on a second substrate using
repeated deposition cycles at a deposition rate of 0.1 A/cycle, each deposition cycle
including: SiBr, dose, purge, nitrogen plasma dose, purge, No/He treatment at 250°C.
The refractive index was measured to be 1.95. The wet etch rate of this silicon nitride

film was about 15A/min in 100:1 dilute hydrofluoric acid.

[0093] An FTIR spectrum was obtained for the silicon nitride film. The FTIR
spectrum is shown in Figure 6. Peak 601 shows the absorbance peak for Si-N-Si
bonds, peak 603 shows the absorbance peak for Si,N-H bonds, peak 605 shows the
absorbance peak for N-H; bonds, peak 607 shows the absorbance peak for Si-H
bonds, and peak 609 shows the absorbance peak for Si;N-H bonds. As shown in
Figure 6, the treated silicon nitride film has low N-H content, and hydrogen content in

the film is very low.

CONCLUSION

[0094] Although the foregoing embodiments have been described in some detail for
purposes of clarity of understanding, it will be apparent that certain changes and
modifications may be practiced within the scope of the appended claims. It should be

noted that there are many alternative ways of implementing the processes, systems,
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and apparatus of the present embodiments. Accordingly, the present embodiments are
to be considered as illustrative and not restrictive, and the embodiments are not to be

limited to the details given herein.
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CLAIMS

What is claimed is:

1. A method of processing a substrate, the method comprising:

(a) providing the substrate to a chamber;

wn

(b) depositing a conformal silicon nitride film over the substrate at a first
temperature by:

(1) exposing the substrate to a chlorine-free silicon precursor under
conditions allowing the chlorine-free silicon precursor to adsorb
onto the surface of the substrate, thereby forming an adsorbed layer

10 of the chlorine-free silicon precursor, and
(1) exposing the adsorbed layer of the chlorine-free silicon precursor
to a nitrogen-containing reactant to form a silicon nitride film over
the substrate using a plasma-free thermal reaction; and
(c) treating the silicon nitride film by exposing the silicon nitride film to a
15 treatment gas and igniting a plasma at a second temperature less than

100°C to form a treated silicon nitride film.

2. The method of claim 1, wherein the first temperature is between 100°C and

250°C.

3. The method of claim 1, wherein the second temperature is between 25°C and

20 100°C.

4. The method of claim 1, wherein the second temperature is between 50°C and

100°C.

5. The method of claim 1, wherein the wet etch rate of the treated silicon nitride

film in 100:1 hydrofluoric acid is less than about 30A/minute.

25 6. The method of claim 1, wherein (c) reduces the wet etch rate of the silicon

nitride film in 100:1 hydrofluoric acid by at least 90%.

7. The method of claim 1, wherein the treatment gas is selected from the group

consisting of nitrogen and helium.

8. The method of claim 1, further comprising repeating (i) and (ii) in deposition
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11.

12.

13.

14.

15

16.

17.

18.

19.

cycles to deposit the conformal silicon nitride film.
The method of claim 8, wherein (c) is performed after every deposition cycle.

The method of claim 8, wherein (c) is performed every n deposition cycles of

repeating (1) and (i1) in (a), and n is an integer greater than 2.

The method of any of claims 1-10, wherein the treated silicon nitride film has

less than 5% hydrogen in atomic content.

The method of any of claims 1-10, wherein the conformal silicon nitride film

is deposited to a thickness less than about S0A.

The method of any of claims 1-10, wherein the silicon nitride film is deposited

over a memory stack comprising germanium, antimony, and tellurium.

The method of any of claims 1-10, wherein the silicon nitride film is deposited

over one or more exposed layers of chalcogenide material.

. The method of any of claims 1-10, wherein the treated silicon nitride film has

a density of at least about 2.4 g/cc.

The method of any of claims 1-10, wherein the treating the silicon nitride film

reduces the N-H content of the silicon nitride film as measured by FTIR.

The method of any of claims 1-10, wherein the silicon nitride film is exposed

to the plasma for a duration between about 1 second and about 10 seconds.

The method of any of claims 1-10, wherein the chlorine-free silicon precursor
selected from the group consisting of iodine-containing silicon precursors,
bromine-containing silicon precursors, and iodine-and-bromine-containing

silicon precursors.

The method of any of claims 1-10, wherein the chlorine-free silicon precursor
is selected from the group consisting of compounds having a chemical formula
of Si\Br,I,, where x=1, y is an integer between and including 1 and 4, and
y+z=4; and compounds having a chemical formula of Si,Br,I,, where x=2, y 1s

an integer between and including 1 and 6, and y+z=6.
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27.

28.

The method of claim 19, wherein the chlorine-free silicon precursor is selected
from the group consisting of tetrabromosilane (SiBry), SiBrsl, SiBr,l,, SiBrls,
hexabromodisilane (Si,Br¢), SioBrsl, Si;Bryl,, Si,Brsls, SipBr,la, SiyBrls, and

combinations thereof.

A method of processing a substrate, the method comprising:

(a) providing the substrate to a chamber;

(b) depositing a conformal silicon nitride film over the substrate at a first
temperature by exposing the substrate to alternating pulses of a chlorine-free
silicon precursor and a nitrogen-containing reactant to form a silicon nitride
film over the substrate using a plasma-free thermal reaction; and

(c) treating the silicon nitride film by exposing the silicon nitride film to a
treatment gas and igniting a plasma at a second temperature less than 100°C to

form a treated silicon nitride film.

The method of claim 21, wherein the first temperature is between 100°C and

250°C.

. The method of claim 21, wherein the second temperature is between 25°C and

100°C.

The method of claim 21, wherein the wet etch rate of the treated silicon nitride

film in 100:1 hydrofluoric acid is less than about 30A/minute.

The method of claim 21, wherein (c) reduces the wet etch rate of the silicon

nitride film in 100:1 hydrofluoric acid by at least 90%.

The method of claim 21, wherein the treatment gas is selected from the group

consisting of nitrogen and helium.

The method of any of claims 21-26, wherein the treated silicon nitride film has

less than 5% hydrogen in atomic content.

An apparatus for patterning substrates, the apparatus comprising:
one or more process chambers; one or more gas inlets into the one or more
process chambers and associated flow control hardware;

a low frequency radio frequency (LFRF) generator;
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30.

31.

a high frequency radio frequency (HFRF) generator; and
a controller having at least one processor and a memory,
wherein the at least one processor and the memory are communicatively
connected with one another,
the at least one processor is at least operatively connected with the
flow-control hardware, the LFRF generator, and the HFRF generator, and
the memory stores computer-executable instructions for controlling the at least
one processor to at least control the flow-control hardware, the HFRF
generator, and the LFRF generator to:
cause deposition of a conformal silicon nitride film over the substrate at a first
temperature by:
causing introduction of a chlorine-free silicon precursor under
conditions allowing the chlorine-free silicon precursor to adsorb
onto a surface of a substrate, thereby forming an adsorbed layer of
the chlorine free silicon precursor, and
causing introduction of a nitrogen-containing reactant to form a silicon
nitride film over the substrate using a plasma-free thermal reaction;
and
causing treatment of the silicon nitride film by exposing the silicon nitride film
to a treatment gas and ignition of a plasma at a second temperature less than

100°C to form a treated silicon nitride film.

The apparatus of claim 28, wherein the instructions comprise setting the first

temperature to a temperature between 100°C and 250°C.

The apparatus of claim 28, wherein the instructions comprise setting the

second temperature to a temperature between 25°C and 100°C.

An apparatus for patterning substrates, the apparatus comprising:

one or more process chambers; one or more gas inlets into the one or more
process chambers and associated flow control hardware;

a low frequency radio frequency (LFRF) generator;

a high frequency radio frequency (HFRF) generator; and

a controller having at least one processor and a memory,

wherein the at least one processor and the memory are communicatively
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33.

connected with one another,

the at least one processor is at least operatively connected with the
flow-control hardware, the LFRF generator, and the HFRF generator, and

the memory stores computer-executable instructions for controlling the at least
one processor to at least control the flow-control hardware, the HFRF
generator, and the LFRF generator to:

cause deposition of a conformal silicon nitride film over the substrate at a first
temperature by causing exposure of the substrate to alternating pulses of a
chlorine-free silicon precursor and a nitrogen-containing reactant to form a
silicon nitride film over the substrate using a plasma-free thermal reaction; and
cause treatment of the silicon nitride film by causing exposure of the silicon
nitride film to a treatment gas and causing ignition of a plasma at a second

temperature less than 100°C to form a treated silicon nitride film.

The apparatus of claim 31, wherein the instructions comprise setting the first

temperature to a temperature between 100°C and 250°C.

The apparatus of claim 31, wherein the instructions comprise setting the

second temperature to a temperature between 25°C and 100°C.

33



WO 2018/089314 PCT/US2017/060240

1/6
100 \
109
cedl — pesia
SbCls 117
115
107
HCI H.Te
(SiClH, thermal) 105 H.Se
103
101

FIG. 1



WO 2018/089314

Optionally repeat

203-299 in cycles

2/6

Provide substrate to process chamber
201

!

Expose substrate to iodine-containing and/or
bromine-containing silicon precursor to adsorb

onto the substrate surface

Expose substrate to nitrogen-containing
reactant to form silicon nitride
211

[

Expose substrate to plasma treatment at
temperature less than 100°C

299

FIG. 2

199 W S0 14
1eadal Ajjleuondo

PCT/US2017/060240



PCT/US2017/060240

WO 2018/089314

3/6

a0l¢
a1oAD uonisode(

vOolLE

a[0AD uonisode(

00¢
v\

-

| | | | | |
- | | | | | | |
| | | | | |
| | | | | |
| | m m ! ! v
| | m m
m m !
| | |
| | |
| | | | | | | \
i H H m
i H H
| | | |
| | | |
| | | | Y
| | | | | | m
| | | | | | |
| | w | | m m
| | | | | | | '
068 lgeoe | gree | @eee | @ | v M vIoE v6sE M VISE
9selyd EmEHmmL._.w 9SEld w 9selyd w 9seyd M 9seyd M oseud | aseyd eseud | aseyd
aJnjesadwa] moT ¢ abing alnsodx3g abing aJnsodx3g abing ainsodxg abing aJnsodx3
| i juepesy | | Josinosug | | JueoESY | 10s.Jnd8ld
| i usbonIN | | suejisowoug | | usboulIN m aue|isowolg
| | | | /oue|isopo| | m | jouepSOpo]

Josindalid usbosIN aJnjesadws |

aug[isowolg
/aue|Isopo|

seo
Jsuien



PCT/US2017/060240

WO 2018/089314

4/6

|_
orp _ |
80¥
8Ly N\ | L
|\/m/| v | b | | z1y — ]
| o
I/\\l 1 A\ T |
Q0 — -
IIIIIIIIIIIII /
zoy — iy \/\/
o5 | -7/
Ja||ou0) A
aul| seb paig —p _ _
ocr—»
0c
dinoli —
ss3008d [T LIg " 07
cor-A4
a%"omv
< B0V
SVv9 SVv9O /
q3144VO SS300dd 0]0]7%




WO 2018/089314

5/6

PCT/US2017/060240

552 554

508

FIG. 5

558

556

550




PCT/US2017/060240

WO 2018/089314

00S°€

6/6

000°€

9 OId4
(L-w9) Jaquinuanep
0062 000'C 0051

000}

00G

109




INTERNATIONAL SEARCH REPORT International application No.
PCT/US2017/060240

A. CLASSIFICATION OF SUBJECT MATTER

HO1L 21/306(2006.01)i, HO1L 21/311(2006.01)i, HO1L 21/3213(2006.01)i, HO1L 21/02(2006.01)i, HO1L
21/324(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HOIL 21/306; HO1L 29/78; HO1L 21/02; HO1L 45/00, HO1L 21/318; HO1L 21/31; HO1L 21/311; HO1L 21/3213; HO1L 21/324

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: silicon nitride film, precursor, treating, temperature

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2016-0079054 A1 (ASM IP HOLDING B.V.) 17 March 2016 1-33
See paragraphs [0143]-[0299], [0311] and figures 4, 7-8, 14A.

Y US 9214333 Bl (LAM RESEARCH CORPORATION) 15 December 2015 1-33
See column 10, lines 7-22, claims 1, 14, 17 and figure 3.

Y US 2016-0093484 A1 (MICRON TECHNOLOGY, INC.) 31 March 2016 13-14
See paragraphs [0010]-[0029] and figures 1-5.

A JP 2007-281181 A (ELPIDA MEMORY INC.) 25 October 2007 1-33
See paragraphs [0016]-[0036] and figures 1-7.

A US 2011-0183528 A1 (ZIYUN WANG et al.) 28 July 2011 1-33
See paragraphs [0037]-[0084] and figures 1-13.

. . . . N .
|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referting to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
19 February 2018 (19.02.2018) 21 February 2018 (21.02. 2018)
Name and mailing address of the [SA/KR Authorized officer

International Application Division
Korean Intellectual Property Office CHOYL Sang Won
189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578 Telephone No. +82-42-481-8291

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2017/060240
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2016-0079054 Al 17/03/2016 JP 2016-063232 A 25/04/2016
KR 10-2016-0033057 A 25/03/2016
TW 201617471 A 16/05/2016
US 9576792 B2 21/02/2017
US 9214333 B1 15/12/2015 CN 105448701 A 30/03/2016
JP 2016-066794 A 28/04/2016
KR 10-2016-0035991 A 01/04/2016
SG 10201507848 A 28/04/2016
TW 201623682 A 01/07/2016
US 2016-0093484 Al 31/03/2016 US 2016-0254447 Al 01/09/2016
US 9355837 B2 31/05/2016
JP 2007-281181 A 25/10/2007 US 2007-0238316 Al 11/10/2007
US 8105959 B2 31/01/2012
US 2011-0183528 Al 28/07/2011 AU 2003-287710 Al 03/06/2004
EP 1567531 A2 31/08/2005
EP 1567531 A4 20/08/2008
JP 2006-517517 A 27/07/2006
US 2004-0096582 Al 20/05/2004
US 2004-0138489 Al 15/07/2004
US 2009-0084288 Al 02/04/2009
US 2009-0281344 Al 12/11/2009
US 2010-0221914 Al 02/09/2010
US 2010-0285663 Al 11/11/2010
US 2011-0136343 Al 09/06/2011
US 2012-0178267 Al 12/07/2012
US 7446217 B2 04/11/2008
US 7531679 B2 12/05/2009
US 7713346 B2 11/05/2010
US 7786320 B2 31/08/2010
US 7887883 B2 15/02/2011
US 7910765 B2 22/03/2011
US 8153833 B2 10/04/2012
US 8236097 B2 07/08/2012
WO 2004-044958 A2 27/05/2004
WO 2004-044958 A3 26/08/2004

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - wo-search-report
	Page 43 - wo-search-report

