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LOW TEMPERATURE ATOMIC LAYER DEPOSITION OF SILICON NITRIDE

HELD

[0001] Embodiments of the disclosure generally relate to the fabrication of
semiconductors, including processes for depositing and treating silicon nitride films.
More particularly, certain embodiments of the disclosure are directed to methods for
depositing silicon nitride encapsulation layers for PCRAM devices.

BACKGROUND

[0002] Phase change random-access memory (PCRAM) is a type of emerging non-
volatile memory with an increasing number of applications and fast market growth.
PCHEAM relies on a phase change layer consisting of a chalcogenide material. The
chalcogenide materials are sensitive 1o air and moisture. Silicon nitride (SiN} thin films
can be used as encapsulation layers over the chalcogenide materials.

[0003] Many conventional methods used 1o deposit SIN films have drawbacks.
Some methods, such as chemical vapor deposition (CVD), rely on higher
temperatures that can damage devices. Some methods, such as plasma enhanced
chemical vapor deposition (PECVD), form non-conformal films.  Still other methods
may use precursors that can elch chalcogenide materials, such as chlorine-containing
precursors. And still other methods may result in films that contain high levels of
impurities which can adversely affect film quality.

[0004] Therefore, there is a need in the art for methods that use chalcogenide-
friendly precursors to form conformal and hermetic SiN films at lower temperatures.

SUMMARY

[0005] One or more embodiments of the disclosure are directed to a deposition
method. The method comprises providing a substrate with at least one three
dimensional structure formed thereon. The substrate is seguentially exposed o a

silicon halide precursor and a nitrogen precurser to form an unireated silicon nitride
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film on the three dimensional structure. The silicon halide precursor comprises
substantially no flucrine atoems nor chlorine atoms. The nitrogen precurser comprises
substantially no plasma. The untreated silicon nitride film is treated with a plasma to
form a freated silicon nitride film. The method is performed at a temperature less than
or equal 1o about 300 °C.

[0006] Additional embodimenis of the disclosure are directed to a deposition
method comprising providing a substrate with af least one three dimensional structure
formed thereon. The substrate is sequentially exposed at a first processing pressure
to & nitrogen precursor for a first period of time and then a silicon halide precursor for
a second period of time o form an unireated silicon nitride film on the three
dimensional siructure. The nitrogen precursor comprises substantially no plasma. The
silicon halide precursor comprises substantially no flucrine atoms nor chiorine atoms.
The second period being at least 2 times greater than the first period. The untreated
silicon nitride film is treated at a second processing pressure with a plasma to form a
treated silicon nifride film. The treated silicon nitride film has a conformaility of greater
than about 99 %, a lower hydrogen content than the untreated silicon nitride film and
is hermetic. The method is performed at a temperature less than or equal to about 300
°C and the second processing pressure is less than the first processing pressure.

{00077 Further embediments of the disclosure are directed 1o 2 deposition method
comprising providing a subslirate with at least one three dimensional structure formed
thereon. The three dimensional siructure comprises a chalcogen malerial. The
substrate is sequentially exposed at about 20 Torr {0 a nitrogen precursor consisting
essentially of ammonia for a first period of time and tetraiodosilane for a second
period of time 1o form an untreated silicon nitride film on the three dimensional
structure. The nitrogen precursor comprising substantially no plasma. The second
period being about 2 times greater than the first period. The untreated silicon nitride
film is treated at about 0.7 Torr with a plasma of nitrogen gas {Np} with a power of
about 400W to form a treated silicon nilride film. The treated silicon nitride film has a
conformatlity of greater than about 99 %, a lower hydrogen content than the unireaied
silicon nitride film and is hermetic. The method is performed at a temperature of about
250 °C.
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BRIEF DESCRIPTION OF THE DBAWING

[0008] 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 illustraled in the appended drawings. |t is {0 be noled, however, that the
appended drawings illustrate only typical embodiments of this disclosure and are
therefore not to be considerad limiting of its scope, for the disclosure may admit to
other equally effective embodiments.

[0008] FIG. 1 illustrates an exemplary process sequence for the formation of g
treated silicon nitride layer according o one or more embodiment of the disciosure;

[0010] FIG. 2 illusirates a schemalic representation of a substrate with a fin shaped

feature thereon in accordance with one or more embodiment of the disclosure;

{00111  FIG. 3A illustrates a schematic representation of a substrate with a fin
shaped feature thereon comprised of multiple materials in accordance with one or

more embodiment of the disclosure: and

[0012] FIG. 3B lliustrates a schemalic representation of a substrate according to
FiG. 3A covered by an encapsulation layer in accordance with one or more
embodiment of the disclosure.

DETAILED DESCRIPTION

{0013] Before describing several exemplary embodiments of the disclosure, it is fo
be understood that the disclosure is not limited to the details of construction or
process steps set forth in the Tollowing description. The disclosure is capable of other

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

[0014] A “substrate”, "substrate surface”, or the like, as used herein, refers {0 any
substrale or malerial surface formed on a substrale upon which processing is
performed. For example, a substrate surface on which processing can be performed
include, but are not limited o, materials such as silicon, silicon oxide, strained silicon,
siicon on insulater (S0O1), carbon doped silicon oxides, silicon nitride, doped silicon,

germanium, galium arsenide, glass, sapphire, and any other malerials such as
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metals, metai nitrides, metal alloys, and other conductive materials, depending on the
application. Substrates include, without limitation, semiconductor wafers. Substrates
may be exposed to a prelrealment process o polish, eich, reduce, oxidize,
hydroxylate (or otherwise generate or grafl target chemical moieties to impart
chemical functionality), anneal and/or bake the substrate surface. In addition fo
processing directly on the surface of the substrate itself, in the present disclosure, any
of the film processing steps disclosed may also be performed on an underlayer
formed on the substrate as disclosed in more detail below, and the term "substraie
surface” is intended o include such underlayer as the context indicates. Thus for
example, where a film/layer or partial film/layer has been deposited onto a substrate
surface, the exposed surface of the newly deposited film/layer becomes the subsirate
surface. What a given subsirate surface comprises will depend on what malerials are
to be deposited, as well as the particular chemistry used.

{00151 "Atomic layer deposition” or "cyclical deposition™ as used herein refers to the
sequential exposure of two or more reactive compounds o deposit a layer of material
on a substrate surface. As used in this specification and the appended claims, the
terms “reactive compound”, “reaclive gas”, "reactive species”, “precursor”, "process
gas” and the like are used interchangeably 1o mean a substance with a species
capable of reaciing with the substraie surface or material on the substrale surface in a
surface reaction (e.g., chemisorption, oxidation, reduction). The substrate, or portion
of the substrate, is exposed separately 1o the two or more reactive compounds which
are introduced into a reaction zone of a processing chamber. In a time-domain ALD
process, exposure to each reactive compound is separated by a time delay o allow
gach compound to adhere and/or react on the substrate surface and then be purged
from the processing chamber. These reactive compounds are said o be exposed {o
the substrate sequentially. In a spatial ALD process, different portions of the subsirate
surface, or material on the substrale surface, are exposed simultanecusly to the two
or more reactive compounds so that any given point on the subsirate is substantially
not exposed to more than one reactive compound simultanecusly. As used in this
specification and the appended claims, the term “substantiaily” used in this respect
means, as will be undersiood by those skilled in the ari, that there is the possibility
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that a small portion of the subsirate may be exposed to mulliple reactive gases
simultaneously due to diffusion, and that the simultaneous exposure is unintended.

[0016] In one aspect of a time-domain ALD process, a first reactive gas {i.e., a first
precursor or compound A) is puised into the reaction zone followed by a first time
delay. Nexi, a second precursor or compound B is pulsed into the reaction zone
followed by a second delay. During each time delay, a purge gas, such as argon, is
introduced into the processing chamber {0 purge the reaction zone or otherwise
remove any residual reactive compound or reaction by-products from the reaction
zone. Alternatively, the purge gas may flow continuously throughout the deposition
process so that only the purge gas flows during the time delay between pulses of
reactive compounds. The reaclive compounds are aliernatively pulsed until a desired
film or film thickness is formed on the substrate surface. In either scenario, the ALD
process of pulsing compound A, purge gas, compound B and purge gas is a cycle. A
cycle can start with either compound A or compound B and conlinue the respeciive
order of the cycle until achieving a film with the predetermined thickness.

{00171  In an embodiment of a spatial ALD process, a first reactive gas and second
reactive gas are delivered simultaneously 1o the reaction zone but are separated by
an inert gas curtain and/or a vacuum curtain. The subsirate is moved relative fo the
gas delivery apparatus so that any given point on the substrate is exposed to the first
regctive gas and the second reactive gas.

{0018] Embodiments of the disclosure advantageously provide methods of
depositing a silicon nitride film at lower temperatures and without the use of chlorine-
containing precursors.  As used in this regard, “lower temperatures” are evaluated
relative o temperaiures typically used in thermal CVD and ALD processes. Some
embodiments advantagecusly produce silicon nitride films which are highly conformal
{thickness variations of less than 5%), have low etch rates (high eich resistance),
lower oxidation (i.e. low atomic oxygen concentrations), higher silicon content and

good hermeticity.

{00191  With reference to FIG. 1, one or more embodiment of the disclosure is
directed {0 a method 100 for forming a silicon nilride film on a subsirate with at least
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one three dimensional (3D) structure formed thereon. 3D structures may be formed
on the substrate by various patierning and etching processes.

{00201 FIG. 2 iHustrates an exemplary substrate 210 with a fin 212 formed thereon,
The fin 212 comprises at least one sidewali 213 and a top 214. The fin has a height H
and a lateral width W. The fin 212 of some embodiments is a rectangular prism-
shaped obiect with elongaled sidewalls connecled by shorter end walis (not shown).
In some embodiments, the fin 212 is a cylindrical object with one round sidewall and a
top. In some embodiments, the fin 212 has an aspect ratio of greater than or equal to
about 5. As used in this regard, the aspect ratic of a fin is defined as the height H
divided by the width W. In some embodiments, the subsirate comprises more than

one fin and the regions beilween neighboring fins forms a trench or gap.

[0021]  As shown in FIG. 3A, in some embodiments, the fin 212 comprises different
materials 220, 230, 240. In some embodimenis, the first material 220 may be the
same or different from the material of the substrate 210 and the first material 210
forms a fin. In some embediments, a second material 230 is deposited conformally
over the first material 220. In some embodiments, the second material 230 is an oxide
liner on the first material 220. In some embodiments, a third material 240 is deposited
on the top surface of the second material 230.

{00221  In some embodiments, the third material 240 is sensilive to air or moisture.
In some embodimentis, the third material is sensitive 1o oxygen. In some
embodiments, the second malerial is sensilive to waler. As used in this regard, a
material is “sensitive” 10 an environment or a species within an environment, if the
properties of the material are alfered after being exposed fo the envirgnment or
species. The property of the material that is altered may be allered as the result of a
physical change {(e.g. crysiallinity} or a chemical change (e.g. oxidation state

contamination).

{00231 In some embodiments, the first maierial comprises silicon, the second
material comprises silicon oxide and the third material is a chalcogen material. As
used in this regard, a “chalcogen material” is any material comprising a chalcogen.
Exemplary chalcogens include sulfur, selenium and tellurium. In some embodiments,

the chalcogen material comprises a chalcogen and an element from Group 14 or
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Group 15 of the Periodic Table. In some embodiments, the third material comprises
one or more of AsS, GeS or GeSbTe.

[0024] As the third material may be sensilive to air and moisture, some
embodiments of this disclosure provide methods of forming a fourth material 250 as a
film or encapsulation layer 1o cover and protect the third material 240, as shown in
FiG. 3B. In some embodiments, the encapsulation layer is continuous over the third
material and the second material. In some embodiments, the encapsulation layer is

hermetic.

{00257 Referring again 1o FiG. 1, the method 100 generally begins at 102 with
providing a substrale 210. As used in this manner, “provided” means that the
substrate 210 is placed into posilion or a suifable environment for processing. The
substrate 210 has at least one three dimensional structure formed thergon. In some
embodimenis, the three dimensional structure comprises a fin 212,

[00268] At 104, an untreated silicon nitride film is formed on the substrate. The
untreated silicon nitride film is formed via a cyclical deposition process, such as
alomic layer deposition (ALD), or the like. In some embodiments, the forming of a
untreated silicon nitride film via a cyclical deposition process may generally comprise
exposing the substrate to two or more process gases sequentially.

{00271 In time-domain ALD embodiments, exposure to each of the process gases
are separated by a lime delay/pause 1o aliow the componenis of the process gases o
adhere and/or react on the substrate surface. Alternatively, or in combination, in
some embodiments, a purge may be performed before and/or after the exposure of
the substrate to the process gases, wherein an inert gas is used to perform the purge.
For example, a first process gas may be provided to the process chamber followed by
a purge with an inert gas. Nexi, a second process gas may be provided {o the process
chamber followed by a purge with an inert gas. In some embodiments, the inert gas
may be continuously provided to the process chamber and the first process gas may
be dosed or pulsed into the process chamber foliowed by a dose or pulse of the
second process gas info the process chamber. In such embodiments, a delay or
pause may occur between the dose of the first process gas and the second process
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gas, allowing the continuous flow of inert gas o purge the process chamber between
doses of the process gases.

[0028] In spatial ALD embodiments, exposure 1o each of the process gases occurs
simultaneously to different parts of the substrate so that one part of the substrate is
exposed o the first process gas while a different part of the substrale is exposed 1o
the second process gas {(assuming only two process gases are used). The substrale
is moved relalive to the gas delivery system so that each point on the substrate is
sequentially exposed to both the first and second process gases.

{00291 A "pulse" or "dose” as used herein is intended to refer 1o a guantity of a
process gas thai is intermittently or non-continuously introduced into the process
chamber. The quantity of a particular compound within each pulse may vary over time,
depending on the duration of the pulse. A particular process gas may include a single
compound or a mixture/combination of two or more compounds, for example, the

process gases described below.

{00301 The durations for each pulse/dose are variable and may be adjusted to
accommodate, for example, the volume capacity of the processing chamber as well as
the capabilities of a vacuum system coupled thereto. Additionally, the dose time of a
process gas may vary according to the flow rate of the process gas, the temperature
of the process gas, the type of control valve, the type of process chamber employed,
as well as the ability of the componenis of the process gas to adsorb onio the
substrate surface. Dose times may alse vary based upon the type of layer being
formed and the geomelry of the device being formed. A dose time should be long
encugh to provide a volume of compound sufficient to adsorb/chemisorb onto
subgstantially the entire surface of the substrate and form a layer of a process gas

component theraon.

{00311 The process of forming the unireated silicon nitride film at 104 may begin by
exposing the substrate 1o a first reactive gas. In some embodiments, the first reactive
gas comprises a nitrogen precursor. The first reactive gas is exposed o the substrate
for a first period of time, as shown at 106.

[0032] In some embodiments, the nitrogen precursor comprises or congisis
essentially of one or more of nitrogen gas (Nz), ammonia (NHz) or hydrazines. The
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nitrogen precursor comprises substantially no plasma. The nifrogen precursor may be
supplied to the substrate surface at a flow rate greater than the silicon halide

Precursor.

[0033] Next, at 108, the process chamber (especially in time-domain ALDY may be
purged using an inert gas. ({This may not be needed in spatial ALD processes as
there are gas curlains separating the reactive gases.) The inert gas may be any inert
gas, for example, such as argon, helium, neon or the like. In some embodimenis, the
inert gas may be the same, or alternatively, may be different from the inert gas
provided to the process chamber during the exposure of the substrate to the silicon
halide precursor at 108, In embodiments where the inert gas is the same, the purge
may be performed by diverting the first process gas from the process chamber,
allowing the inert gas to flow through the process chamber, purging the process
chamber of any excess first process gas compoenents or reaction byproducts. in some
embodimenis, the inerf gas may be provided at the same flow rate used in conjunction
with the first process gas, described above, or in some embodiments, the flow rale
may be increased or decreased. For example, in some embodiments, the inert gas
may be provided to the process chamber at a flow rate of about ¢ to about 10,000
scem to purge the process chamber. In spatial ALD, purge gas curtains may be
maintained between the flows of reactive gases and purging the process chamber
may net be necessary. In some embodiments of a spatial ALD process, the process
chamber or region of the process chamber may be purged with an inert gas.

{0034] The fiow of inert gas may facilitate removing any excess first process gas
components and/or excess reaction byproducts from the process chamber to prevent
unwanted gas phase reactions of the first and second process gases. For example,
the flow of inert gas may remove excess silicon halide precursor from the process
chamber, preventing a gas phase reaction between the silicon halide precursor and a
subsequent reactive gas.

{0035] Next, at 110, the substrale is exposed to a second process gas for a second
pericd of time. The second process gas reacts with the silicon halide precursor
adsorbed on the substrate surface to create a deposited film. In some embodiments,
the second reactive gas is referred {0 as the nilrogen precursor.
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[0036] The silicon halide precursor may be any suitable precursor to adsorb a layer
of silicon on the substrate for later reaction. Without being bound by theory, it is
believed thatl in some embodiments the presence of chlorine atoms or fluorine aloms
in the silicon precursor may etch or otherwise damage the third material. Accordingly,
in some embodiments, the silicon halide precursor comprises substantially no fluorine
atoms nor fluorine atoms. Stated differently, in some embodiments, the halogen
atoms of the silicon halide precursor consist of bromine atoms or ioding atoms. As
used in this regard, a silicon halide precursor which comprises substantially no
chiorine atoms nor flugrine atoms consists of less than 1%, 0.5%, or 0.1% of halongen

atoms on an atomic count basis.

{00371 Without being bound by theory, it is believed that the bond energy of silicon-
iodine bonds is approximately 40% lower than silicon-chioride bonds, thereby
facilitating the deposition of silicon-containing films at lower temperatures than similar

technigues which utilize silicon chloride precursors.

{00381 In some embodiments, the silicon halide precursor comprises a species with
a general formula SiH i, where a + b is equal to 4. In some embodiments, the silicon
halide precursor comprises a species with a general formula SiHBry where ¢ + d is
equal o 4. In some embodimenis, the silicon halide precursor comprises a species
with a general formula SiH:Brdy where e + f + g is equal 1o 4 and neither f nor g is
zero.  In some embodimenis, the silicon halide precursor comprises or consists
essentially of one or more of tetraiodosilane (Sily), diiodosilane (SiHale) or
tetrabromosiliane {SiBrs). As used in this specification and the appended claims, the
term "consists essentially of" means that the stated reactive gas (not including any
carrier gas or diluent gas) is greater than or equal to about 95%, 98%, 98% or 89.5%
of the specified species on a molar basis.

[0039] Next, at 112, the process chamber may be purged using an inert gas. The
inert gas may be any inert gas, for example, such as argon, helium, neon or the like.
In some embodiments, the inert gas may be the same, or allernatively, may be
different from the inert gas provided to the process chamber during previous process
routines. In embodiments where the inert gas is the same, the purge may be
performed by diverting the second process gas from the process chamber, allowing
the inert gas lo flow through the process chamber, purging the process chamber of
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any excess second process gas componenis or reaction byproducts. In some
embodiments, the inert gas may be provided at the same flow rate used in conjunction
with the second process gas, described above, or in some embodiments, the flow rate
may be increased or decreased. For example, in some embodiments, the inert gas
may be provided to the process chamber at a flow rate of greater than 0 o about
10,000 scom to purge the process chamber.

[0040] In some embodiments, the order in which the silicon halide precursor and
the nitrogen precursor are exposed to the subsirate may be varied. In some
embodiments, the substrate is exposed fo the silicon halide precursor before the
nitrogen precursor.  In some embodiments, the substrale is exposed to the silicon

halide precursor after the nitrogen precursor.

[0041] The various process parameters for depositing the untreated silicon nitride
film may be varied. In some embodiments, the substrate is exposed o the nitrogen
precursor for a first period of time and the substrate is exposed to the silicon halide
precursor for a second, different, period of time. In some embodiments, the silicon
precursor is exposed to the substrate for a period of lime about twice as long as the
period of time that the substrate is exposed lo the nitrogen precursor. in some time-
domain ALD embodiments, the first or second period of time may be in the range of
about 1 sec to about 120 sec, or in the range of about 2 sec 1o about 80 sec, orin the
range of about 5 sec fo about 30 sec.

[0042] Next, at 114, a treated silicon nitride film is formed from the untreated silicon
nitride film. The untreated silicon nitride film is exposed to a plasma to form a treated
siticon nitride film. In some embodiments, the plasma used o treat the untreated
silicon nitride film comprises one or more of argon, helium or nitrogen gas (No). In
some embodiments, the {reated silicon nitride film has a lower hydrogen content or
lower oxygen content on an atomic count basis than the untreated silicon nitride film.
In some embodiments, the treated silicon nitride film has a higher refractive index than

the untreated silicon nitride film.

{0043] In some embodiments, trealing the untreated silicon nitride film utilizes a
plasma source. The plasma may be generated remotely or within the processing

chamber. Plasma may be inductively coupled plasma {ICP) or conductively coupled
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plasma (CCP). Treatment can occur at any suitable power depending on, for example,
the reactanis used, or the process conditions used. In some embodiments, trealing
the untreated silicon nitride film utilizes a plasma power in the range of about 100 W to
about 10 kKW. In some embodimenis, treating the untreated silicon nitride film utilizes a
plasma power greater than or equal to about 100 W, 200 W, 300 W, 400 W, 500 W or
1 kKW, In some embodiments, expansion utilizes a plasma power of about 400 W,

{00441 In some embodiments, the temperature of the subsirate is maintained
throughout the method 100. In some embodiments, the subsirate is maintained at a
temperature in the range of about 25 °C 1o about 400 °C, about 100 °C to about 300
°C, or about 150 °C to about 250 °C. In some embodiments, the substrate is
maintained at a temperature less than or equal to aboui 400 °C, less than or equal to
about 350 °C, less than or equal 1o about 300 °C, less than or equal to about 275 °C,
or less than or equal to about 250 °C. In some embodiments, the substrate is
maintained at a femperaiure of about 250 °C.

{0045] The pressure at which the substrate surface is exposed to each of the
process gases and/or the plasma can be varied depending on, for example, the
reactants selected and other process conditions (e.g. lemperature). In some
embodiments, exposure 1o each of the precursors occurs at a pressure in the range of
about 0.1 Torr to about 100 Torr. In one or more embodiments, the substrate is
exposed at a pressure in the range of about 0.1 Torr to about 100 Torr, or in the range
of about 1 Tor to about 50 Torr, or in the range of about 2 Torr to about 30 Torr. In
some embodiments, the substrate is exposed to the process gases at a pressure of
about 20 Torr.

{00461 In some embodiments, the pressure of the process chamber may be varied
between forming the untreated silicon nitride film 104 and forming the treated silicon
nitride film 114. In some embodiments, forming the untreated silicon nitride film is
performed at a higher pressure than treating the untreated silicon nitride film. In some
embodiments, the substrale is exposed to the silicon halide precursor and the nitrogen
precursor at a pressure of greater than or equal to 5 Torr, greater than or sgual fo 10
Torr, or greater than or equal to 15 Torr while the treated silicon film is formed at a
lower pressure. In some embodimenis, the lower pressure is about one hall, one

third, one fourth, one ffth, one tenth, one twentieth, one thirtieth or one fifticth the
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pressure at which the substraie is exposed o the gsilicon halide precursor and/or the
nitrogen precursor. For example, in some embodiments, the substrate is exposed o
the silicon halide precursor and the nitrogen precursor at about 20 Torr while the
unireated silicon nitride Tilm is treated with a plasma at about 0.7 Torr,

{00471 Next, at 118, it is determined whether the treated silicon nitride film has
achieved a predetermined thickness. If the predetermined thickness has not been
achieved, the method 100 returns to 104 1o continue forming the untreated silicon
nitride film and treating the unireated silicon nitride film until the predetermined
thickness is reached. Once the predetermined thickness has been reached, the
method 100 can either end or proceed 1o 120 for optional further processing. In some
embodiments, the freated silicon nilride film may be deposited 1o form a layer
thickness of about 10 to about 100 A, or in some embodiments, about 30 to about 50
A,

{00481 In some embodiments, the untreated silicon nitride film is substantially
conformal to the substrate surface. In some embodiments, the treated silicon nitride
film is substantially conformal o the substrate surface. As used in this regard, the
term “conformal” means thal the thickness of the silicon film is uniform across the
substrate surface. As used in this specification and the appended claims, the term
“substantiaily conformal” means that the thickness of the film does not vary by more
than about 10%, 5%, 2%, 1%, or 0.5% relative o the average thickness of the film.
Stated differently a film which is substantially conformal has a conformality of greater
than about 90%, 85%, 98%, 99% or 99.5%.

[0048] The treated silicon nitride film is hermetic. As used in this regard, a hermetic
film is one which prevents the underlying substrate or film from exposure o air or

moisture.

{00507 The treated silicon nitride film has high wet eich resistance (i.e., a low eich
rate). In some embodiments, the wet efch rate of the treated silicon nitride film in
1000:1 DHF is less than or equal to about 100 A/min, less than or equal to about
50 A/min, less than or equal to about 30 A/min, less than or equal to about 20 A/min,
less than or equal to about 15 A/min, or less than or equal to about 10 A/min.
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{00511 The treated silicon nitride film has a low level of oxidation (i.e. atomic
concentration of oxygen}. In some embodiments, the atomic concentration of oxygen
in the freated silicon nitride film is less than or equal to about 10 atomic percent, less
than or equal to about @ atomic percent, less than or equal to about 8 atomic percent,
less than or equal to about 7 atomic percent, or less than or equal to about 6 atomic
percent.

[0052] One embodiment of the formation of the treated silicon nitride film has been
described above. However, it is within the scope of this disclosure that the process of
forming the treated silicon nitride fitm may rely on the exposure of the silicon precursor
to a plasma followed by exposure to the nitrogen precursor. This disclosure is
intended 1o provide for the exposure of a substrate 1o a silicon precursor, a niirogen

precursor and a plasma, in any order, to form a treated silicon nitride film.

[0053] Further embodiments of this disclosure relate to the oplimization or tuning of
the process to achieve superior film properties. In some embodiments, the pressure
and/or power of the plasma exposure is modified to achieve superior eilch rate,
particularly within the fealures of the substrate. In some embodiments, the method is
improved to provide decreased wet eifch rates by applying a plasma with decreased
pressure. In some embodiments, the pressure is decreased by a factor greater than
or equal to about 25, greater than or equal to about 30, or greater than or equal ©
about 40. In some embodiments, the method is improved to provide decreased wet
etch rates on the sidewalls of the features by applying a plasma with an increased
power. In some embodiments, the plasma power is increased by a factor greater than
or equal to about 50%, greater than or equal to about 75%, or greater than or equal to
about 100%.

[0054] In some embodiments, the pressure and/or power of the plasma exposure is
modified to achieve superior hermeticity of the deposited film and/or thinner films with
equivalent hermeticity. In some embodiments, the pressure is decreased by a factor
greater than or equal 1o about 25, greater than or equal to about 30, or greater than or
equal to about 46, In some embodiments, the plasma power is increased by a factor
greater than or equal to about 50%, greater than or equal to about 75%, or greater
than or equal to about 100%. In some embodiments, the thickness of the film is
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reduced by a factor greater than or equal to about 1.5, greater than or equal {o about
2, greater than or equal 1o about 3 or greater than or equal to about 4.

[0055] In some embodiments, the compaosition of the gas ulilized to form the plasma
is modified to achieve superior eich rate, film shape and film guality of the silicon
nitride film deposited on the fop and/or sidewall{s) of substrate. In some
embodiments, the plasma comprises Ar and Ny, In these embodiments, the deposited
film has better film qualily than exposure to N, alone, and after exposure to 200:1
DHF for 20s shows less corner clip than exposure 1o plasma of Ar alone.

{00561 In some embodiments, the exposure time of the silicon precursor and/or
nitrogen precursor is modified fo achieve a modified film composition and superior
efch rate characteristics of the silicon nitride film deposited on the top and/or
sidewall{s} of substrate. In some embodiments, the exposure time of the nitrogen
precursor is reduced 1o increase the silicon content of the film. In some embodiments,
the etch rate of the film deposited on the sidewall of the substrate is reduced by a
factor greater than or equal to about 1.5, greater than or equal to about 2, or greater
than or equal to about 3.

{00571 In some embodiments, the composition of the silicon precursor is selected to
achieve superior throughput, improved film shape, and superior eich rate
characteristics of the silicon nitride film deposited on the top and/or sidewall{s) of
substrate. In some embodiments, the silicon precursor consists essentially of SiHalz,
in some embodiments, the nitrogen to silicon ratic of the deposited film is substantially
the same. In some embodiments, the processing time required 1o achieve a
predetermined thickness is shortened by a factor of greater than or egual to about 1.3,
greater than or equal to about 1.5 or greater than or egual to 2. In some
embodiments, the exposure time of the silicon precursor is reduce by a factor of
greater than or equal to about 2, greater than or equal o about 3, greater than or
equal {0 about 4, greater than or equal {0 about 5 or greater than or equal to about 6.
In some embaodiments, the exposure time of the nitrogen precursor is reduced by a
factor of greater than or equal to about 1.2, greater than or equal to about 1.33 or
greater than or equal to about 1.5,
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{00581 In some embodiments, the deposited film after exposure to 200:1 DHF for
20s shows less comer clip. In some embodiments, the etch rate of the deposited film
is reduced by a factor greater than or equal to about 1.5, greater than or equal to
about 2, greater than or egual io about 3 or greater than or egual to about 4 on the top
and/or sidewall of the substrate.

[0059] EXAMPLES
{00607 EXAMPLE 1
{00611 Thermal Deposition at 250 °C

{00621 Atomic Layer Deposition of silicon nitride was attempted without the use of
plasma while the substrate was maintained at 250 “C. The substrate was exposed {0
ammonia at a pressure of 20 Torr for 30 seconds. The chamber was purged with
argon at a pressure of 3 Torr for 30 seconds. The subsirate was exposed o
tetraicdosilane at 20 Torr for 80 seconds. The tetraicdosilane was delivered without Ar
dilution. The chamber was purged with argon at a pressure of 3 Torr for 30 seconds.

This cycle was repealed 200 times.

[0063] The deposited film demonstrated a growth per cycle (GPC) of 0.43 Alcycle.
The refractive index was 1.55. An FTIR analysis showed a strong Si-O band.
Elemental analysis provided 43.6 % silicon, 42.3 % nitrogen and 13.9 % oxygen,
relating to a N:Siratio of 0.27.

[0084] EXAMPLEZ
[0065] Thermal Deposition at 400 °C

{00661 Atomic Layer Deposition of silicon nitride was attempted without the use of
plasma while the subsirate was maintained at 400 °C. The subsirate comprising a
three dimensional structure was exposed 1o ammonia at a pressure of 20 Torr for 30
seconds. The chamber was purged with argon at a pressure of 3 Torr for 30 seconds.
The substrale was exposed fo ietraicdosilane at 20 Torr for 60 seconds. The
tetraiodosilane was delivered without Ar dilufion. The chamber was purged with argon
at a pressure of 3 Torr for 30 seconds. This cycle was repeated 200 times.

[0067] The deposited film demonstrated a growth per cycle (GPC) of 0.39 A/cycle.
The refractive index was 1.70. Elemental analysis provided 43.6 % silicon, 45.5 %
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nitrogen and 10.7 % oxygen, relating to a N:Si ratio of 1.04. The film thickness on the
top surface of the three dimensional structure was 75.2 A, while the film thickness on
the sidewall of the three dimensional structure was 77.7 A.

[0068] The deposited film was exposed to a solution of 1000:1 DHF for 20 seconds.
As a result, the deposited film was efched compietely from the sidewall of the three
dimensional structure. This behavior corresponded to a wet eich rate (WER) of
greater than 230 A/min.

{00691 The Applicants noted that the higher deposition temperature provided a film
with superior properties. A plasma was determined 1o be necessary to achieve a high

quality film at lower lemperafures.
{00707 EXAMPLE 3
{00711  ALD cycle of Ammonia + Tetraiodosilane + Ny Plasma at 250 °C

{00727 Atomic Layer Deposition of silicon nitride with a plasma post-treatment was
aftempted while the substrate was maintained at 250 °C. The substrate comprising a
three dimensional siructure was exposed to ammonia at a pressure of 20 Torr for 30
seconds. The chamber was purged with argon at a pressure of 3 Torr for 30 seconds.
The substrate was exposed o tetraiodosilane at 20 Torr for 80 seconds. The chamber
was purged with argon at a pressure of 3 Towr for 35 seconds. The subsirate was
exposed to a plasma of nitrogen gas (Nz) with a power of 200 W for & seconds at 3
Torr. This cycle was repeated 200 times.

[0073] The deposited film demonstrated a growth per cycle (GPC) of 0.37 Alcycle.
The refractive index was 1.84. Elemental analysis provided 42.1 % silicon, 50.8 %
nitrogen and 6.6 % oxygen, relating to a N:Si ratio of 1.21. The film thickness on the
top surface of the three dimensional structure was 71.5 A, while the film thickness on
the sidewall of the three dimensional structure was 78.2 A.

[0074] The deposited film was exposed to a solution of 1000:1 DHF for 20 seconds.
As a result, the deposited film thickness on the top surface of the three dimensional
structure was reduced 1o 67.5 A, while the film thickness on the sidewall of the three
dimensional structure was reduced to 72.3 A. This behavior corresponded {0 a wet
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etch rate (WER) on the top surface of about 12.0 A/min and on the sidewall surface of
about 17.7 A/min.

[0075] EXAMPLEA4
[0076] Test of Hermeticity

[0077] A silicon nitride film of about 80 A was deposited on a SiGe fin by the
process of Example 3. The deposited film was exposed o steamn at 400 °C for about
2 hours. No degradation of the 5iGe was observed. The deposited film was
determined to be hermetic.

[0078] EXAMPLES
[0079] Plasma-Enhanced ALD at 250 °C

{00807 Plasma-Enhanced Atomic Layer Deposition of silicon nitride was attempted
while the substrate was maintained at 250 °C. The subsirate comprising several three
dimensional siructures positioned so as to form a narrow irench was exposed to
tetraiodosilane at 20 Torr for 60 seconds. The chamber was purged with argon at a
pressure of 3 Torr for 35 seconds. The substrale was exposed to a plasma of
ammonia with a power of 200 W for 5 seconds at 3 Torr. This cycle was repeated 200

times.

{00811 The deposited film was observed to be a rough film. The film demonstrated
poor uniformily across the substrate surface and poor conformalily with no SiN
deposited at the boltom of the trench. Elemental analysis of the deposited film
provided 43.2 % silicon, 43.2 % nitrogen and 11.8 % oxygen, relating o a N:Si ratio of
1.00.

[0082] EXAMPLEG
{00831 ALD cycle of Tetraiodosilane + Ammonia + Ny Plasma at 250 °C

{00841 Atomic Layer Deposition of silicon nitride with a plasma post-ireatment was
attempted while the substrate was maintained at 250 °C. The substrate comprising a
three dimensional structure was exposed 1o tetraiodosilane at 20 Torr for 60 seconds.
The chamber was purged with argon at a pressure of 3 Tor for 30 seconds. The
substrate was exposed to ammonia at a pressure of 20 Torr for 30 seconds. The
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chamber was purged with argon at a pressure of 3 Torr for 35 seconds. The substrale
was exposed to a plasma of nitrogen gas (Ny) with a power of 200 W for 5 seconds at
3 Torr. This cycle was repeated 200 times.

[0085] The deposited film demonstrated a growth per cycle (GPC) of 0.30 Alcycle.
The refractive index was 1.73. FTIR analysis indicated a weaker band related to Si-N
bonds than a similar film prepared in Example 3. The film thickness on the lop
surface of the three dimensional structure was 36.1 A, while the film thickness on the
sidewall of the three dimensional structure was 47.1 A.

{00861 The deposited film was exposed to a solution of 1000:1 DHF for 20 seconds.
As a result, the deposited film thickness on the top surface of the three dimensional
structure was reduced 1o 30.8 A, while the film thickness on the sidewall of the three
dimensional structure was reduced to 37.8 A. This behavior corresponded o a wet
etch rate (WER) on the top surface of about 31.8 A/min and on the sidewall surface of
about 55.8 A/min.

[0087] EXAMPLE 7

{00887 Two silicon nitride films were prepared similar o Exampie 3 on a substrate
comprising several three dimensional structures positioned s0 as to form a narrow
trench. The first film was prepared using an Ar/Np plasma with a power of 200 W at 3
Torr. The second film was prepared using an Ar/N, plasma with a power of 400 W at
0.7 Torr. Each film was exposed {0 a solution of 200:1 DHF.

{00891 The first film was observed to be etched from the middle to lower portion of
the trench. The second film was observed {0 have good coverage inside the trench.

{00807 EXAMPLESB
[0081] Decreasing Pressure and/or Increasing Power o Becrease Eifch Rate

{00921 Three silicon nitride films were prepared similar 1o Example 3 on a subsirate
comprising several three dimensional structures positioned so as to form a narrow
trench. The first film was prepared using an Ar/N; plasma with a power of 200 W ai 3
Torr. The second film was prepared using an Ar/N; plasma with a power of 200 W at
0.7 Torr. The third film was prepared using an Ar/N; plasma with a power of 400W at
0.7 Torr. Each film was exposed to a solution of 200:1 DHF for 20s. The film



10

15

20

25

30

WO 2019/212938 PCT/US2019/029583

20

thickness on the top surface of the three dimensional structure and the film thickness
on the sidewall of the three dimensional struciure were measured for each film before

and after exposure to DHF,

[0083] Before exposure, the first film had a top thickness of 5 nm and a sidewall
thickness at the top of the feature of 5.1 nm. Alter exposure the top thickness was
reduced to 3.86 nm and the sidewall thickness was reduced o 3.07 nm,
corresponding 1o a top elch rate of 34.2 Asmin and a sidewall efch rate of 60.9 A/min.

{0084] Belore exposure, the second film had a top thickness of 3.57 nm and a
sidewall thickness at the top of the feature of 3.08 nm. After exposure the film was
eliminated from the top surface and the sidewall thickness was reduced to 2.55 nm,
corresponding to a top etch rate of » 107.1 A/min and a sidewall etch rate of 15.3
Afmin.

{0085] Before exposure, the third film had a top thickness of 3.53 nm and a sidewall
thickness at the top of the feature of 3.03 nm. After exposure the film was eliminated
from the top surface and the sidewall thickness was reduced o 2.55 nm,
corresponding to a top eich rate of »105.¢ A/min and a sidewall etch rate of 14.4
A/min. Further, a measurement of the thickness deeper within the trench was aiso
taken for the third film. Before exposure, the film had a thickness of 3.03 nm. After
exposure the film thickness was reduced to 1.01 nm, corresponding 1o an eich rate of
60.6 A/min deep within the trench.

{0086] These results indicated that films treated with 2 plasma of lower pressure
have lower efch rates on the sidewall at the top of the feature than those freated at a
higher pressure. Without being bound by theory, it is believed that the lower pressure
allows for the plasma treatment to penetrate deeper into the features and provide a
densified film with a lower eich rate. Further, these results indicated that films treated
with a plasma of a higher power have lower etch rates on the sidewall at the top of the
feature than those freated with a lower power plasma. Without being bound by theory,
it is believed that the higher power allows for the plasma treatment to better treat the
films in the features and thereby provide a densified film with a lower efch rate.

{00877 EXAMPLES
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{0088] Decreasing Pressure and/or Increasing Power while Maintaining or
improving Hermeticity

[0088] Three silicon nilride films were deposited on a SiGe fin. A first film of about
80 A was deposited by the process of Example 3 (3 Torr, 200W plasma). A second
filn of about 20 A was deposited by the process of Example 3. A third film of about 20
A was deposited by the process of Example 3, except the plasma exposure was
performed at a pressure of 0.7 Torr and a power of 400W. The deposited films were
exposed to steam at 400 °C for about 2 hours.

[00100] As in Example 4, no degradation of the SiGe was observed for the first film.
The first film was determined 1o be hermetic. The second film showed slight oxidation
of the SiGe material beneath the deposited film. The second film was determined not
to be hermetic. The third film showed no degradation of the SiGe material beneath
the deposited film. The third film was determined o be hermetic.

{00101] These resulls indicated that films treated with a plasma of lower pressure
and higher power displayed increased hermelicily, even at smaller thicknesses,
relative 1o films treated with higher pressure and lower power. Without being bound
by theory, it is believed that the lower pressure and higher power provides a plasma
treatment which better treats the film and provides increased resistance to oxidation

and increased hermeticily.
{00102] EXAMPLE 10
{00103} Tuning Plasma Composition

[00104] Three silicon nitride films were prepared similar {0 Example 3. The first film
was prepared using a plasma of Ar at 0.7 Torr with a power of 400W. The second film
was prepared using a plasma of Ny ar 0.7 Torr with a power of 400W. The third film
was prepared using a plasma of Ar and Ny at 1.5 Torr with a power of 400W. Each
film was exposed to 200:1 DHF for 20 s

{00105] The first film displaved a high level of corner dlip before eilching. As used in
this regard, “corner clip” is where a film is deposited on the sidewall surface and the
top surface but is substantially thinner at the junction of the sidewall and top surfaces.
After eiching the first film showed more film remaining in the trench.
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{00106] The second film did not display any corner clip before or after eiching.
However, the second film was of lower quality. The third film showed minimal o no
corner clip, a better film quality and decreased etch rate within the trench, resulting
from deeper sidewall ireatment.

001071 EXAMPLE 11
{00108] Tuning Silicon Content of Deposited Films

{00109] Two silicon nitride films were prepared similar to Example 3. The first film
was exposed to a 300 W Ar/N; plasma atf a pressure of 0.7 Torr. The second film was
formed using a 15 s ammonia pulse in each cycle and the same Ar/N; plasma. Each
film was deposited using 150 cycles. Each film was exposed to 200:1 DHF for 20 s.

[00110] The first film had a sidewall sich rate of 46.5 A/min with a N/Si ratio of about
1.43. The second film had a sidewall etch rate of 15.0 A/min with a N/Si ratio of about
0.90.

[00111] These results indicate that films formed with a shorter ammonia exposure
contained a relatively high level of silicon relative 1o nitrogen. Additionally, these
silicon-rich films had lower sidewall eich rates than less silicon-rich films. Without
being bound by theory, it is believed that the shorter ammonia exposure provides for a
decreased nitrogen conient and increased silicon content.  Further, films with an
increased silicon content and/or decreased nitrogen content displayed better elch
resistance {lower etch rates).

[00112] EXAMPLE 12
[00113] Tuning Silicon Precursor Composition

{00114] Two silicon nitride films were prepared similar {0 Example 3. The first film
was prepared with a 400 W Ar/N; plasma at a pressure of 0.7 Torr, the silicon
precursor consisied essentially of Sily. The ampoule was maintained at 110 °C. The
second film was prepared with an ammonia pulse of 20 s, a silicon precursor pulse of
10 s and a 400 W Ar/N; plasma at a pressure of 0.7 Torr, the silicon precursor
consisted essentially of SiHzle. The ampoule was maintained at 45 °C.

{00115] The first film was deposited using 150 cycles. The N/Si ratio of the first film
was about 1.43. The first film displayed some cormer clip. The second film was
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deposited using 100 cycles. The N/Si ratio of the second film was about 1.48. The
second film displayed less corner clip. Both films were exposed to 2001 DHF for 20
S.

[00118] After 7.5 hours of processing on a blanket substrate, a film produced by the
same process as the first film had a thickness of 86.6 A, After 3.5 hours of processing
on a blanket substrate, a film produced by the same process as the second film had a
thickness of 114 A.

{00117] Belore exposure, the first film had a top thickness of 4.41 nm and a sidewall
thickness of 4.41 nm. After exposure the film was eliminated from the {op surface and
the sidewall thickness was reduced to 2.86 nm, corresponding to a fop etch rate of
>132.3 A/min and a sidewall etch rate of 46.5 A/min.

[00118] Before exposure, the second film had a top thickness of 5.88 nm and a
sidewall thickness of 6.12 nm. After exposure the top thickness was reduced o 4.80
nm and the sidewall thickness was reduced 10 5.43 nm, corresponding 1o a top elch
rate of 32.4 A/min and a sidewall etch rate of 20.7 A/min.

[00118] These results indicated that films formed using Sitbl, were produced with a
higher throughput, had lower etch rates on the top surface and sidewall of the feature,
and had less corner clip than those formed using Siy. Without being bound by theory,
it is believed that SiHul: has better reactivity due to decreased steric hindrances,
allowing for a faster deposition. Similarly, it may be that the increased volatility of
SiH, relative to Sily provided for a faster reaction with the substrate surface. Further,
the lower halogen conceniration of SiHzl, may have allowed for the formation of g
denser film since less volatile halogen gas is produced during processing.

[00120] Reference throughout this specification to "one embodiment,” "certain

" Hn

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

LU T

embodiments,” "in one embodiment” or "in an embodiment” in various places

throughout this specification are not necessarily referring to the same embodiment of
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the disclosure. Furthermore, the particular features, structures, materials, or

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

[00121] Alihough the disclosure herein has been described with reference to
particular embodiments, it is to be undersiood that these embodimenis are merely
ilustrative of the principles and applications of the present disclosure. It will be
apparent 1o those skilled in the art that various maodifications and variagtions can be
made to the method and apparatus of the present disclosure without departing from
the spirit and scope of the disclosure. Thus, it is intended that the present disclosure
include modifications and variations that are within the scope of the appended claims

and their equivalenis.
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What is claimed is:

. A deposition method comprising:

providing a substrate with at least one three dimensional structure formed
thereon;

sequentially exposing the substrale to a silicon halide precursor and a nitrogen
precursor to form an untreated silicon nitride film on the three dimensional
structure, the silicon halide precursor comprising substantially no flucrine atoms
nor chiorine atoms, the nitrogen precursor comprising substantially no plasma; and

ireating the untreated silicon nitride film with a plasma to form a treated silicon
nitride film,

wherain the method is performed at a temperature less than or equal to about
300 °C.

. The method of claim 1, wherein the three dimensional structure comprises a fin,

the fin comprising at least a first material, a second material and a third material,
the second material comprising an oxide liner on the first material or the substraie,

the third material deposited on a top surface of the second material.

. The method of claim 2, wherein the third material comprises a chalcogen material.

. The method of claim 2, wherein the freated silicon nitride film forms an

encapsulation layer over the third material.

. The method of claim 1, wherein the three dimensional structure has an aspect ratio

of greater than or equal fo about 5.

. The method of claim 1, wherein the silicon halide precursor comprises a species

with a general formula SiHgl, where a + b is egual to 4.

. The method of claim 1, wherein the nitrogen precursor comprises one or more of

nitrogen gas (No}, ammonia (NHy), or hydrazines.
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8. The method of claim 1, wherein the substrate is exposed fo the silicon halide

precursor after the nitrogen precursor.

9. The method of claim 1, wherein the substrate is exposed to the nitrogen precursor
for a first period of time and the silicon halide precursor for a second period of
time, the second period being about 2 times greater than the first period.

10. The method of claim 1, wherein the plasma comprises one or more of argon,
helium or nitrogen gas (Na).

11.The method of claim 1, wherein the trealed silicon nitride film has a lower
hydrogen content than the untreated silicon nitride film.

12. The method of claim 1, wherein forming the untreated silicon nitride film is
performed at a higher pressure than treating the untreated silicon nitride film.

13. The method of claim 1, wherein the treated silicon nitride film has a conformality of
greater than or sgual 1o about 89%.

14. The method of claim 1, wherein the treated silicon nitride film is hermaetic.

15. A deposition method comprising:

providing a subsirate with at least one three dimensional structure formed
thereon;

sequentially exposing the substrate at a first processing pressure 10 a nitrogen
precursor for a first period of time and then a silicon halide precursor for a second
period of time to form an untreated silicon nitride film on the three dimensional
structure, the nitrogen precursor comprising substantially no plasma, the silicon
halide precursor comprising substantially no fluorine atoms nor chiorine atoms, the
second period being al least 2 times greater than the first period; and

treating the untreated silicon nitride film at a second processing pressure with a
plasma to form a treated silicon nitride film, the treated silicon nitride film having a
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conformatlity of greater than about 99 %, a lower hydrogen content than the
untreated silicon nitride film and being hermetic,

wherein the method is performed at a temperature less than or equal to about
300 °C and the second processing pressure is less than the first processing
pressure.
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