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PLASMA PROCESSING WITH TUNABLE NITRIDATION

BACKGROUND

Field

[0001] Embodiments of the present disclosure generaily relate to plasma
processing methods, and more specifically to radical species nitridation using

plasma processing.
Description of the Related Art

[00027 Plasma processing is used in the semiconductar industry for deposition,
gtching, resist removal, and related processing of semiconductor substrates and
other substrates. Flasma sources are oftan used for plasma processing o produce
high density plasma and reactive species for processing substrates. Formation of
plasma breaks molecules into radicals (and generales ions) which can be used 10
achieve substrate treatment in a chamber. Typically, a mixture of gases is fed into a
plasma generation region (active zone) of an inductively coupled plasma {ICP)
source, and electrons accelerated in the high electric field region ionize and

dissociate this mixiure, creating a new gas {(plasma) having radicals and ions.

[0003] Conventional methods for nitridation include thermal and plasma-based
mathods. Conventional thermal methods for nitridation are typically performead at
temperatures that can be detrimental to the substraie being processed.
Conventional plasma-basad nitridation  also has drawbacks such as poor
conformality of the nilride layer for high aspect ratio structures, as well as the

difficulty in conformal nitridation of silicon oxide films.

[0004] There is a need for new and improved plasma processing methods for

nitridation of subsirates.
SUMMARY

[0005] Embodiments of the present disclosure generaily relate to plasma
processing methods, and more specifically to radical species nitridation using

plasma processing.
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[000681 In an embodiment, a method for nitriding a substrate is provided. The
method includses positioning a substrate on a substrate support in a processing
volume of a processing chamber, and flowing a nitrogen-containing source and a
carrier gas into a plasma processing source coupled to the processing chamber
such that a flow rate of the nitrogen-containing source is from about 3% {o about
20% of a flow rate of the carrier gas. The method further includes generating an
inductively-coupled plasma in the plasma processing source by operating an
inductively-coupled plasma source at a power of about 2,000 W to about 10,000 W,
the inductively-coupled plasma comprising a radical species formed from the
nitrogen-containing source, the carrier gas, or both.  The method further includes
nitriding the substrate within the processing chamber, wherein nitriding the substrats
within the processing chamber includes operating a heal source within the
processing chamber at a temperature from about 150°C to about 650°C to heat the
substrate; maintaining a pressure of the processing chamber from about 50 mTorr to
about 2 Torr; introducing the inductively-coupled plasma to the processing chamber,
and adjusting a nitrogen cantent, a number of nitrogen atoms per unit area, a nitride
thickness, or combinations therecf, of the substrate by exposing the substrate {o the

radical species.

(00077 Embodiments can include one or more of the following. The Hz can be
co-flowed with the nitrogsn-containing source, the inductively-coupled plasma can
further include a radical species formed from the Hp, or combinations thereof. The
plasma processing source can include a gas injection channel defined between a
gas injection insert and a sidewall of the plasma processing source, and an
induction coil can be positioned proximate the sidewall and horizontally overlapping
the gas injection channel. Flowing the nitrogen source and the carrier gas into the
plasma processing source can include flowing the nitrogen source and the carrier

gas into the gas injection channel. The nitrogen-containing source can include NHs,

N2, hydrazine {(NaHa), or combinations thereof. The carrier gas can include Ar, He,
Ne, Kr, Xe, or combinations thereof. The heat source can include a lamp positioned
above the substrate, a lamp positioned below the substrate, a heater embedded
within the substrate support, or combinations thereof. The heat source can have a
plasma source output of about 2 inches in diameter to about 15 inches in diameler.

The substrate can include crystalline silicon, amorphous silicon, polycrystalliine
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silicon, crystalline S5iGe, amorphous SiGe, polycrystalline SiGe, silicon oxide, silicon
nitride,  hafnium oxide, hafnium zirconium oxide, or combinations thereof. The
method can further include performing an oxygen radical treatment before or after
nitriding the substrate; performing a hydrogen radical treatment before or after
nitriding the substrate; or a combination thereof. The oxygen radical treatmeant, the
hydrogen radical treatment, or both, can be performed in the same processing

chamber as nitriding the substrate.

[00087 In ancother embodiment, a method for nitriding 2 substrate is provided.
The method includes positioning a substrate on a substrale support in a processing
volume of a processing chamber, and generating an inductively-coupled plasma in a
plasma processing source coupled to the processing chamber, wherein generating
the inductively-coupled plasma comprises. operating an inductively-coupled plasma
source at a power of about 2,000 W o about 10,000 W, flowing hydrazine and a
carrier gas into the plasma processing source such that a flow rate of the hydrazine
is from about 3% to about 100% of a flow rate of the carrier gas, the carrier gas
comprising Ar, He, Ne, Kr, Xe, or combinations thereof, and forming the inductively-
coupled plasma, the inductively-coupled plasma comprising a radical species
comprising N, NH, or a combination thereof. The method further includes nitriding
the substraie within the processing chamber, wherein nitriding the substrate
comprises: operating a heat source within the processing chamber at a temperature
from about 150°C {o about 850°C to heat the substrate; maintaining a pressure of
the processing chamber from about 50 mTorr to about 2 Tormr introducing the
inductively-coupled plasma io the processing chamber, and adiusting a nitrogen
cortent, a number of nirogen atoms per unit area, a nitride thickness, or
combinations thereof, of the substrate by exposing the substrate to the inductively-

coupled plasma comprising the radical species.

[G009] Embodiments can include one or more of the following. The flow rate of
the hydrazine can be from about 5% to about 15% of the flow rate of the carrier gas.
The pressure can be from about 200 mTorr to about 1 Torr, the temperature can be
fram about 5300°C to about 850°C, nitriding the substrate can be performed for about
5 minutes or less, or combinations thereof. The heat source can have a plasma
source output of about 2 inches in diameter {o about 15 inches in diameter. Hz can

be co-flowed with the hydrazine and the inductively-coupled plasma can further
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include a radical species formed from the Hz. NHs, N2, or a combination thersof can
be cofiowed with the hydrazine and the inductively-coupled plasma can further

include a radical species formed from the NHa, Np, or a combination thereof.

(00107  iIn ancther embodiment, a method for nitriding a substrate is provided.
The method includes positioning a substrate on a substrate support in a processing
volume of a processing chamber, the substrate comprising silicon, and generating
an inductively-coupled plasma in a plasma processing source coupled to the
processing chamber, whersin generating the inductively-coupled plasma comprises:
operating an inductively-coupied plasma source at a power of about 2,000 W o
about 10,000 W, flowing a nitrogen-containing sowrce and a carrier gas into the
plasma processing source such that a flow rate of the a nitrogen-containing source
is from about 3% io about 100% of a flow rate of the carrier gas, the carrier gas
comprising Ar, He, Ne, Kr, Xe, or combinations thereof, and forming the inductively-
coupled plasma, the inductively-coupled plasma comprising a radical species
comprising N, NH, or a combination thereof. The method further includes nitriding
the substrate within the processing chamber, wherein nitriding the substrate
comprises: operating a heat source within the processing chamber at a temperature
from about 150°C to about 850°C {o heat the substrate; maintaining a pressure of
the processing chamber from about 50 mTorr o about 2 Tom introducing the
inductively-coupled plasma to the processing chamber; and adjusting a nitrogen
content, a number of nilrogen atoms per unil area, a nilride thickness, or
combinations thereof, of the substrate by exposing the substrate {o the inductively-

coupled plasma comprising the radical species.

[0011] Embodiments can include one or more of the following. The substrate can
include silicon germanium (8iGe). The flow rate of the nitrogan-containing source
can be from about 5% {o about 15% of the flow rate of the carrier gas. The pressure
can be from about 200 mTorr o about 1 Tarr. The temperature can be from about

500°C to about 850°C. The nitriding the subsirate can be performed for about 10

minutes or less. Hgz can be co-flowed with the nitrogen-containing source and ths

inductively-coupled plasma further comprises a radical species formed from the Ha.

The plasma processing source can be integrated within the processing chamber.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] So that the manner in which the above recited fealures of the present
disclosure can be understood in detail, a more particular description of ths
disclosure, briefly summarized above, may be had by reference to embodiments,
some of which are illustrated in the appended drawings. It is to be noted, howsever,
that the appended drawings illustrate only exemplary embodiments and are
therefore not to be considered limiting of ifs scope, and may admit to other eqgually

affactive ambodiments.

[0043] FIG 1 is a schematic diagram of an example plasma processing

apparatus according o at least one embodiment of the present disclosure.

[6014] FIG. 2 is a schematic diagram of an example plasma processing

apparatus according 1o at least one embodiment of the present disclosure.

[0018] FIG. 3 is a schamatic diagram of an example plasma processing

apparatus according to at least one embodiment of the present disclosure.

[0018] FIG. 4 is a schemalic diagram of an example plasma processing

apparatus according to at least one smbodiment of the present disclosure.

[0017] FIG. 5 is a schemalic diagram of an example plasma processing

apparatus according to at least one embodiment of the present disclosure.

[0018] FIG. BA is an isometric view of an example separation grid according to at

least one embodimeant of the presant disclosure.

[0019] FIG. 6B is a cross-section view (along line 68) of the separation grid of

Fi(3. 6A according to at least one embodiment of the present disclosure.

00201 FIG. 7 is an exampile induction coil that can be used with an example

plasma source according to at least one embodiment of the present disclosure.

[0021] FIG. 8 is & flowchart showing operations of an example method for
nifridation of a substrate according o st least one embodiment of the present
disclosure.

(&3]
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[0022] FIG. 9 is a flowchart showing operations of an example method for
nitridation of a substrate sccording o at ieast one embodiment of the present

disclosure.

(00231 To facilifate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common to the figures. itis
contemplated that slements and features of one embodiment may be beneficially

incorporated in other embodiments without further recitation,

DETAILED DESCRIPTION

[0024] Embodiments of the preseni disclosure generally relate to plasma
processing methods, and more specifically {o radical specigs nitridation  using
plasma processing. Embodiments of processes described herein can enable, for
example, higher nitrogen dosing and nifride thickness of a substrate being
processed with lower thermal budgets relative to conventional nitridation methods.
Moreover, the methods described herein can be highly conformal in high-aspect
ratio structures present on semiconductor device substrates. Further, processes
described herein can be cyclic, combined with a hydrogen radical treatment, andfor
combined with an oxygen radical treatment to achieve desired resulls.  The
nitridation methods can be performed in a single chamber with other processes,

such as other radical treatment processes.

[00287 For purposes of the present disclosure, nitridation and nitriding are used
interchangeably. For example, nitridation of a substrate aiso refers fo nitriding a
substrate. Aspects of the present disclosure are discussed with reference 1o a
"substrate” or semiconductor wafer for purposes of illusiration and discussion.
Those of ordinary skill in the art, using the disclosures provided herein, will
understand that the example aspects of the present disclosure can be used in
association with any suitable semiconductor substrate or other suitable substrate. A

"substrate support” refers to any structure that can be used to support a substirate.
Example Apparatus

[0028] With reference now to the FIGS., example embodiments of the present

disclosure will now be set forth. FIG. 1 depicts a plasma processing apparatus 100

The plasma processing apparatus 100 includes a processing chamber 110 and a
6
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plasma source 120 coupled with the processing chamber 110. The processing
chamber 110 inciudes a substrats support 112 operable o hold a substrate 114, In
some embodiments, the substrate has a thickness that is less than about 1 mm.
Substrate support 112 can be proximate one or more heat sources {for example, a
plurality of lamps 178) that provide heat to a substrate during processing of the
substrate in the processing chamber 110. Heat can be provided using any suitable
heat source, such as one or more lamps, such as ong or more rapid thermal
processing lamps, or via a heated pedestal (for example, a pedestal having resistive
heating elemenis embedded therein or coupled thereis). In operation, the heat
sources enable independent temperature control of the substrate which is described

in more detail below.

(00277  As shown in FIG. 1, processing chamber 110 includes window 162, such
as a dome, and the plurality of lamps 176. The plurality of lamps 176 are disposed
between the window 162 and a botiom wall of the processing chamber 110, The
plurality of lamps 1786 are positionad in an array. The plurality of lamps 176 can be
arranged in a plurality of concentric rings surrounding a center of the processing
chamber 110. The plurality of lamps 178 can include 100 or more lamps, such as
200 or more lamps, such as from 200 lamps to 500 lamps, such as from 200 lamps
to 300 lamps, such as 240 lamps, such as from 300 lamps to 400 lamps, such from
400 lamps o 500 lamps, such as 400 lamps. The power of each of the plurality of
famps 176 is from 400 W to 1000 W, such as from 500 W to 800 W, such as from
500 Wto 600 W, such as from 600 W io 700 W, such as 845 W, such as from 700
Wio 800 W A distance from the plurality of lamps 176 to the substrate is about 50
mm or less, such as from about 5 mm o about 50 mm, such as from about 5 mm o
about 20 mm, such as about 12.5 mm, such as from about 20 mm to about 50 mm,

such as about 368.5 mm.

[3028] A controller (not shown) is coupled to the processing chamber 110, and
may be used to control chamber processes described herein including controlling
the plurality of lamps 176. The substrate support 112 is disposed between a
separation grid 116 and the window 162. A plurality of sensors {(not shown) can be
disposed proximate one or more of the lamps 176 and/or the substrate support 112
for measuring the temperature within the processing chamber 110, The plurality of

sensors can include one or more infrared pyrometers or ministure pyrometers. In
7
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certain embodiments, the one or more pyromelers inciudes 2, 3, or 4 pyrometers. in
certain embodiments, the pyrometers have a wavelength of 3.3 um, ailthough in
general, commercial pyrometer wavelengths typically vary from about 0.5 um (o
about 14 um. In some embodiments, the pyrometers are boltom pyrometers,
meaning tha pyrometers are positionad below the substrate such as proximate the

plurality of lamps 176.

[0028] The substrale support 112 is coupled with a shaft 165 The shaft is
connectad to an actuator 178 that provides rotational movement of the shaft and
subsirate support (aboui an axis A). Actuator 178 may additionally or alternatively

provide height adjustment of the shaft 165 during processing.

[0030] The substrate support 112 includes [ift pin holes 166 disposed therein.
The lift pin holes 186 are sized o accommodate a Hft pin 184 for Hfting of the
substrate 114 from the subsirate support 112 either before or afler a deposition
procass is performed. The §ift pins 164 may rest on iift pin stops 168 when the

subsirate 114 is lowered from a processing position {0 a transfer position.

[0031] A plasma can be generated in plasma source 120 (for example, in a
plasma generation region) by induction coil 130 and desired particles flow from the
plasma scurce 120 to the surface of substrate 114 through holes 126 provided in a
separation grid 116 that separates the plasma source 120 from the processing

chamber 110 (a downstream region).

(00327 The plasma source 120 includes a dielectric sidewall 122, The plasma
source 120 includas a top plate 124, The dielectric sidewall 122 and top plate 124,
integrated with an gas injection insert 140 define a plasma source interior 125,
Dielectric sidewall 122 can include any suitable dieleciric materiai, such as gquariz.
An induction coil 130 is disposed proximate (for example, adjacent) the dislectric
sidewall 122 about the plasma scurce 120, The induction coil 130 is coupled to an
RF power generator 134 through any suitable malching network 132, Feed gases
are introduced to the plasma source interior from a gas supply 150. When the
induction coil 130 is energized with RF power from the RF power generator 134, a
plasma is generated in the plasma source 120, In some embodiments, RF power is
provided to induction coll 130 at about 1 kW to about 15 KW, such as about 3 kW o
about 10 KW, Induction coil 130 may ignile and susiain a plasma in a wide pressure
8
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and flow range. In some embodiments, the plasma processing apparatus 100
includes a grounded Faraday shield 128 to reduce capacitive coupling of the

induction coil 130 o the plasma.

[0033] To increase efficiency, the plasma processing apparatus 100 includes a
gas injection insert 140 disposed in the plasma source interior 125. The gas
injection channels 151 provide the process gas o the plasma source interior 125
through an aclive zone 172, where due to enhanced confinement of hot electrons a
reaction between hot elactrons and the feed gas occuwrs. An enhanced electron
confinement region or an active zone 172 is defined by sidewalls of gas injection
insert and the vacuum tube in radial direction and by the edge of the surface 180 of
the insert from the bottom in vertical direction. The active zone 172 provides an
glectron confinement region within the plasma source interior 125 for efficient
plasma generation and sustaining. The gas injection chamnels 151 can be narrow
and prevent plasma spreading from the chamber interior into the gas injection
channels 151. Gas injection channels 151 can be about 1 mm in diameter or
greater, such as about 10 mm or greater, such as about 1 mm to about 10 mm. The
gas imjection insert 140 forces the process gas {0 be passed through the active zone

172 where plasma is formed.

[0034] The capabilities of the gas injection insert 140 to improve efficiency of the
plasma processing apparatus 100 are independent of the material of the gas
injection insert 140 as long as the walls that are in direct contact with radicals are
made of material with a low recombination rate for the radicals. For instance, in
some embodiments, the gas injection insert 140 can be made from a metal, such as
an aluminum material, with a coating configured 1o reduce surface recombination.
Alternatively, the gas injection insert 140 can be a dielectric material, such as a

quartz material, or an insulative matenal.

[3035] The induction coil 130 is aligned with the active region in such a way that
the top turn of the coil is above the surface 180 of the gas injection insert 140 and
operates substantially in the active region of the inner volume, while the bottom tum
of the coil is below surface 180 and operates substantially cutside the active region.
The center of the coil is substantially aligned with the surface 180, Within these

boundaries one can adjust the coll position for a desired performance. Alignment of

g
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the coil with surface 180 provides improved source efficiency, namely controlled
generation of desired chemical species for plasma processes and delivering them (o
the substrate with reduced or sliminated losses. For example, plasma sustaining
conditions {balance between local generation and loss of ions) might not be the best
for generating species for a plasma process. Regarding dslivery of the species {o
the substrate, efficiency can depend on the volume and wall recombination of these
particular species. Hence, control of the alignment of the coil with surface 180

provides control of the source efficiency for a plasma process.

[B038] in some embodiments, a coil has a short fransition region near the leads,
and the remainder of the coil tumns are parallel to the surface 180, in other
embodiments, a coil is helical, but one can always define the fop and the bootom

turn of the coil. In some embodiments, a coil can have 2-5 turmns.

(00377 In some embodiments, surface 180 is aligned with a portion of induction
coit 130 (for example, coil loop 182) along axis 184 by utilizing a suitably sized gas
injection insert 140 (and top plate 124, which may be a preformed part of the gas
injection insert 140) to form the plasma source 120, Alternatively, surface 180 can
be movable along a vertical direction V1 relative 1o plasma source 120 while a
remainder portion of gas injection insert 140 is static (for example, fixed) as part of
plasma source 120, in order o provide alignment of surface 180 with a portion of
induction coll 130, For example, a mechanism 170 can be coupled with any suitable

portion of gas injection insert 140 1o adjust a position of surface 180 such that a
portion of gas injection insert 140 having a first length (L4} is adjusted to a second
length (L2}, Mechanism 170 can be any suitable mechanism, such as an actuator,
for example a motor, electric motor, stepper motar, or pneumatic actuator. In some
embodiments, a difference in length from L1 to L2 is about 0.1 om {o about 4 om,

such as about 1 om to about 2 om.

[0038] Additionally or alternatively, the gas injection insert 140 can be coupled o
a mechanism {such as mechanism 170), and mechanism 170 is configured to movs
the entirety of gas injection insert 140 vertically (for example, along a vertical
dirgction Vi relative to plasma source 120), in order to align surface 180 with a

portion of induction coil 130. Spacers (not shown) can be used to fill gap(s) between
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gas injection insert 140 and ancther portion of plasma source 120 {(such as betwesen
top plate 124 and diglectric sidewall 122) that were formed by moving the insert
vertically. The spacers may be formed from, for example, a ceramic material, such

as a quartz.

(00387 In general, positioning the induction coil 130 center above surface 180 will
increase the efficiency of ionization and dissociation, but reduces the transport
efficiency of these species to the substrale, as many of the species may recombineg
on the walls of the narrow active region.  Positioning the induction coil 130 below
surface 180 can improve plasma delivery efficiency, bul may decrease plasma

generation efficiency.

[0040] Separation grid 116 is configured (o separate a processing chamber 110
area from plasma charged particles (ions and slectrons), which recombing on the
grid, so that only neutral plasma species can pass through the grid into the
proceassing chamber 110. The holes in the botlom section of the separation grid 116
may have different pattern (for example, uniform}, as shown in FIGS. 8A and 6B. In
some embodiments, separation grid 800 is formed of aluminum, anodized
aluminum, guartz, aluminum nitride, aluminum oxide, tantalum, tantalum nitride,
titanium, titanium nitride, or combination(s) thereof.  For example, AN can be
beneficial for flux of nifrogen radicais, whereas conventional separation grids are
more prong o nitrogen radical recombination.  Similarly, aluminum oxide can
provide flux of oxygen or hydrogen radicals, whereas conventional separation grids
are more prone o their recombination. In some embodiments, separation grid 600
has a plurality of holes 802, As shown in FIG. 6B, the plurality of holes 6802 are
disposed through the separation grid (for example, the holes 602 traverse the
thickness of the separation grid). The plurality of holes 602 may have an average
diameter that is from about 4 mm o about & mm. In some embodiments, each hole
of the plurality of holes 802 has a diameter (1) that is from about 4 mm to about 6
mm. In some embodiments, the separation grid 600 of FIGS. 64 6B has a

thickness that is from about 5 mm to about 10 mm, which defines the hole length

{L1). A ratio of the grid thickness (length (L1)) to the averags diameter of the

plurality of holes may be greater than about 1, such as about 1 to about 3.

11
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[00411 Exhaust 192 is coupled with a sidewall of processing chamber 110, in
some embodiments, the exhaust 192 may be coupled with a botiom wall of the
processing chamber 110 o provide azimuthal independence (for example, if not
rotating pedestal). i lamps are rotating, the exhaust 192 can be coupled with the

sidewall, since rotation mitigates azimuthal dependance.

[0042] Various features of ICP sources and plasma processing apparatus will
now be described with reference to FIGS. 2, 3, 4, and 5. FIGS. 2, 3, 4, and 5 are
schematic diagrams of a plasma processing apparatus, according ¢ some
embodiments of the present disclosure. Plasma processing apparatus of FIGS. 2, 3,
4, and 5 may be constructed in a similar manner o plasma processing apparatus
100 (FIG. 1) and operate in a manner described above for plasma processing
apparatus 100. It will be undersicod that the components of plasma processing
apparatus FIGS. 2, 3, 4, and 5 may also be incorporated into any other suitable

plasma processing apparatus in alternative example embodiments.

[0043] As shown in FIG. 2 plasma processing apparatus 200 inciudes a
processing chamber 220 which has a separation grid {not shown} disposed therein.
The plasma processing apparatus 200 includes a plasma source 222 along a
vertical dirgction V. A subsirate may be positioned in the procassing chamber
directly below the grid and some distance from the grid, and neuiral particles from a
plasma source interior 220 may flow downward through separation grid toward the
substrate in the processing chamber 220, and the neuiral particles may contact the

substrate to perform a process, for example, a surface treatment proceass.

(00447 A plurality of induction coils 250 are disposed at a different position along
the vertical direction ¥V on plasma source 222, for example, such that the induction
coils {for example, 252 and 254) are spaced from each other along the vertical
direction V along plasma source 222, For example, the induction coils 250 may
include a first induction coil {peripheral induction coil 252) and a second induction
ool {center induction coil 254}, The first induction coil (peripheral induction coil 252)
may be positioned at a first vertical position along a verlical surface of a dielectric
sidewall 232. Second induction coil {(center induction coil 254) may be positioned at
a second vertical position along a vertical surface of the dielectric sidewall 232, The

first vertical position is different from the second vertical position. For instance, the
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first vertical position may be above the second vertical position. In some
embodiments, a portion of the first induction coil {peripheral induction coil 252) is
substantially aligned with a surface 180 of the insert as was described above. The
second induction coil {center induction coil 254) is disposed at a bottom (for
example, lower) partion of the plasma source. The second induction coil includes
magnetic field concentrator{s) 280, aliowing a placement of the coil in the bottom of
the plasma source, as shown in FIG. 2. The use of magnetic fisld concentrator(s)
280 increases efficiency of the plasma generation at the bottom of the source and
significantly increases the radial control near the subsirate (as compared to the
absence of magnetic field concentrators). In some embodiments, the center
induction coil 254 is disposed at a boltom 1/3 height, such as a bottom 1/4 height, of

the plasma source 222.

[0045] The induction coils 250 (252, 254) may be operable o generate (or
modify) an inductive plasma within plasma source interior 230, For example, the
plasma processing apparatus 200 may include a first radio frequency power
generator 262 (for example, RF generator and maitching network) coupled with the
peripheral induction coll 252, The center induction coll 254 is coupled to a second
radio freguency power generator 264 (for example, RF generator and maitching
network). The frequency and/or power of RF energy applied by the first radio
frequency powser generator 262 {o the first induction coll {peripheral induction coil
252} and the second radio frequency power generaior 264 o the second induction
cait (center induction coill 254), respectively, can be independent in arder to better

control process parameters of a surface treatment process.

[0048] For example, frequency and/or power of RF energy applied by the second
radio frequancy power generator 264 can be less than the frequency and/or power
of RF energy applied by the first radio frequency power generator 262, The first
radio frequency power generator 262 is operable {0 energize the peripheral
induction coil 252 to generate the inductive plasma in the plasma source interior
220, In particular, the first radio frequency power generalor 262 may energize
peripheral induction coil 252 with an alternating current (AC) of radic frequency (RF)
such that the AC induces an alternating magnetic and slectric fields inside the
valume near peripheral induction coil 252 that heats electrons io generate the

inductive plasma. In some embodiments, RF power is provided o the peripheral
13
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induction coil 252 at about 1 kW to about 15 kW, such as about 3 kKW o about 15
kKW, The peripheral induction coll 252 may ignite and sustain a plasma in a wide
pressure and flow range. The sacond radio frequency power generator 264 is
operable to energize certer induction coill 254 to generate and/or modify plasma in
plasma source interior 230,  In particular, the sacond radio frequency power
generator 264 may energize the center induction coil 254 with an alternating current
(AC) of radio frequency (RF) such that inductive RF electric field inside the volume
adjacent to the center induction coll 254 accelerate elecirons to generate plasma. in
soms embodiments, RF power is provided o center induction coil 254 at about 0.5
kW to about 6 kW, such as about 0.5 kW to about 3 kW The center induction coil
254 may maodify the plasma density in the plasma processing apparatus 200, For
axample, the center induction coil 254 can tune the radial profile of the plasma to
promote additional plasma uniformity moving toward a subsirate in the processing
chamber 220. Since the peripheral induction coil 252 is further away from a
substrate during use than the center induction coil 254, the plasma and radicals
generated by the peripheral induction coil 252 can promuate a dome shaped profile
near the substrate, and the center induction coll 254 can flatten {(or even raise the

gdge) the dome-shaped plasma profile as plasma approaches the substrate.

(0047 A dielectric sidewall 232 is positioned between induction coils 250 and
plasma source 222. The dieleciric sidewall 232 has g generally cvlindrical shape.
An slectrically grounded Faraday shield 234 may be made of metal andior is
positioned between the induction coils 250 and the dielectric sidewall 232. The
Faraday shield 234 has a cylindrical shape and is disposed about the dislectric
sidewall 232, The grounded faraday shigld 234 axtends the length of the plasma
source 222, The dislectric sidewall 232 contains plasma within plasma sourcs
interior 230 allowing RF fields from induction coils 250 to pass through to the plasma
source interior 230, and the grounded Faraday shield 234 reduces capaciiive
coupling of the induction coils 250 to the plasma within the plasma source interior
230, In some embodiments, the Faraday shield 234 can be a metal cylinder having
siots perpendicular {o the coil direction. The vertical slots are in the area of the coil
{for example, adjacent the coil), while at least one vertical end of the coil (above or
below the coil) has a complete current path around the cylinder. A Faraday shield

may have any suitable thicknass, and/or the slots may have any suitable shape.
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Near the coii(s), the slots can be relatively narrow (for example, about 0.5 cm io

about Zem) and substantially vertical, even when utilizing a helical coil.

(00487 As noted above, each induction coil 25C is disposed at a different position
along the vertical direction V on the plasma source 222 adjacent a vertical portion of
a dielectric sidewall of the plasma source 222, In this way, each induction coil 250
can be operable to generate (or modify) a plasma in a region adjacent to the coil

along the vertical surface of the diglectric sidewall 232 of the plasma source 222.

(00481 In some embodiments, the plasma processing apparatus 200 includes
one or more peripheral gas injection ports 270 disposed through a gas injection
insert 240 of the plasma source 222, radially cutward of the gas injection insert 240,
The peripheral gas injection port 270 and a side shape of the insert are operable to
inject process gas at the periphery of the plasma source interior 230, directly into
active plasma generation region adjacent the vertical surface of the dieleclric
sidewall 232. For example, there may be >20 (for example, 70-200) vertical
injection holes disposed through gas injection insert 240, For instance, the first
induction coll (peripheral induction coil 252) can be operable (o generate a plasma in
region 272 proximate a vertical surface of the dielectric sidewall 232. The second
induction coil {center induction coil 254} can be operable {o generate or modify a
plasma present in region 275 proximate a vertical surface of the dislectric sidewall
232. The gas injection insert 240, in some embodiments, can further define an
active region for generation of the plasma in the plasma source interior 230 adjacent
the vertical surface of the dislectric sidewall 232, A top portion of a gas injsction
insert of the present disclosure can have a diameter that is from about 10 em to
about 15 cm. A botlom portion of a gas injection insert of the present disclosure can

have a diameter that is from about 7 om to about 10 om.

(00507 Plasma processing apparatus 200 can have an edge gas injection port
290 configured fo introduce the same or different gas o volume 210 as the
peripheral gas injection port 270 provides {o plasma source interior 230. Edge gas
injection port 280 is coupled with the processing chamber 220 and is a top plate of
the processing chambear 220, Edge gas injection port 290 includes a plenum 292
{which may be circular} to which gas is introduced through inlet 294, Gas flows from

the plenum 292 through one or more openings 296 (o the volume 210, The edge
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gas injection port 290 can provide fine tuning of the plasma chemistry near the edge
of a substrate, andfor improve plasma uniformity at the substrate. For example, the
adge gas injection port 290 can provide modification of the flow {(same gas), andfor
maodification of chemistry (chemical reaction between plasma radicals and new fesd

gas or different gasas).

(0081} Plasma processing apparatus 200 has improved source tunability relative
to known plasma processing apparatus. For example, the induction coils 250 can
be positioned in two locations along the vertical surface of the dislectric sidewall 232
such that funclions of the peripheral induction coll 252 proximaie to the aclive
plasma generation region are plasma ignition and sustaining in the plasma source
irterior 230, and functions of the center induction coil 254 placed at the botiom of
the souwrce aliow the advaniageous source tunability. The low positioning of the
sacond coil is possible due to the use of magnetic field concentrator(s) 280, which
provides coupling of the coil to plasma rather than to surrounding metal (for
example, 290). In such a mannar, a treatment process performed with the plasma

processing apparatus 200 on a substrate may be more uniform.

(005821 FIG. 3 is & schematic diagram of a plasma processing apparatus 300. The
plasma pracessing apparaius 300 includes a plasma source 322 and a processing
chamber 220. The plasma socurce 322 includes gas injection insert 302 having a
peripheral gas injection port 270 and a center gas injection port 310, The center gas
injection port 310 is formed by a top plate 318 and a botlom piate 340 forming a
plenum 316, The botiom plate 340 has a plurality of holes {throughholes) 312 to
enable the center gas injection port 310/gas injection insert 302 to have a plurality of
the holes (throughholes) 312 for providing process gas into center process region
314, The dimansions of centar process region 314 are provided by portions of gas
injection insert 302, namely center gas injection port 310 and sidewall 320. The
sidawall 320 has a cylindrical shaps and is a dielectric material. For example, the
sidewall 320 is formed from quariz or alumina. The dimensions of region 272 are
provided by dielectric sidewall 232 and gas injection insert 302, namely peripheral
gas injection port 270 and sidewall 324. The sidewall 324 (and gas injection insert
202 in general) can have a cvlindrical shape. The sidewall 324 surface material can
be a dieleciric material or & metal. For example, the sidewall 324 is formed from

aluminum and may bs covered with quartz, or alumina, or have bare or anodized
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aluminum surface. In addition, a first Faraday shield (not shown) can be disposed
between the peripheral induction coil 252 and the dielectric sidewall 232. Likewise, a
second Faraday shield (not shown) can be disposad betwaen the center induction
coil 254 and the sidewall 320. In some embodiments, sidewall 320 is quartz or

ceramic and/or has a thickness that is from about 2.5 mm {o about & mm.

(00831 A flow rate of process gas provided by the peripheral gas injection port
270 via a conduit 326 1o the region 272 can be greater than a flow rate of process
gas provided by center gas injection port 310 o the center process region 314, In
same embodiments, a ratio of flow rate of process gas provided by the peripheral
gas injection port 270 to a flow rate of process gas provided by center gas injection
port 310 is about 2:1 to about 20:1, such as about 5:1 to about 13:1. Providing a
higher flow rate {0 the region 272 than a flow rate to the center process region 314
provides improved center-edge uniformity of a plasma at a subsirate surface of a

substrate present in the processing chamber 220.

[0054] The plasma processing appsratus 300 further includes the peripheral
induction coll 252 and the center induction coil 284, An RF power provided by
peripheral induction coil 252 can be greater than an RF power provided by the center
induction coil 254, In some embuodiments, a ratio of RF power provided by
peripheral induction coil 252 to RF power provided by the center induction coil 254 is
about 2:1 to about 20:1, such as about 3:1 to about 10:1, such as about 5:1. H the
center coil is not energized, the secondary plasma source serves as auxiliary gas
injsction that reduces fluxes of radicals and ions/electrons created by the peripheral
induction coil 252 toward the center of the substrate. Because plasma density is
typically higher at a center of a substrate during conventional plasma processes,
providing a greater RF power {o the center induction coil 254 than RF power
provided to the peripheral induction coil 252 promotes increased plasma density at
an edge portion(s) of the substrate, improving plasma uniformity.  Plasma
separator(s) 304 (cyiindrical protrusions) between central and edge areas improve

the capability of independent central-edge plasma control.

[0058] The peripheral induction coil 252 and the center induction coil 254 may be
operable to generate (or modify) an inductive plasma within plasma source interior

330, For example, the plasma processing apparatus 300 may include a first radio
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frequency power generator 262 (for example, RF generator and matching network)
coupled with the peripheral induction coil 252, The center induction coil 254 is
coupled 1o a second radio frequency power generator 264 (for example, RF
generator and matching network). The frequency and/or power of RF energy applied
by the first radio frequency power generator 262 to the peripheral induction coil 252
and the second radio frequency power generator 284 to the cenier induction coil
254, raspeclively, can be adjustad {0 be the same or different to control process

parameters of a substrale freatment process.

[0058] For example, frequency andf/or power of RF energy applied by the second
radio frequency power generator 264 can be lass than the frequency and/or power
of RF energy applied by the first radio frequency power generator 262, The first
radio frequency power generator 262 is operable {0 energize peripheral induction
coil 252 to generate the inductive plasma in plasma source interior 330, iIn
particular, the first radio frequency power generator 262 may energize the peripheral
induction coil 252 with an alternating current (AC) of radio frequency (RF) such that
the AC induces an alternating magnetic field inside the peripheral induction coil 252
that heats a gas to generate the inductive plasma. In some embodiments, RF power
is provided to the peripheral induction coil 252 at aboui 1 kW to about 15 KW, such
as about 3 kKW to about 10 kW

(00577 The second radio frequency power generator 284 is operabls to energize
the center induction coil 254 to generate and/or modify an inductive plasma in the
center process region 314 of the plasma source 322, In particular, the second radio
frequency power generator 264 may energize the center induction coil 254 with an
alternating current {(AC) of radio frequency (RF) such that the AC induces an
alternating magnetic field inside the center induction coil 254 that heats a gas to
generate and/or modify the inductive plasma. In some embodiments, RF power is
provided to the center induction coil 254 at about 0.3 kW to about 3 kW, such as
about 0.5 kW to about 2 kW, The center induction coil 254 may modify the plasma
in the plasma processing apparatus 300, for example, the center induction coil 254
can tung the radial profile of the plasma {o promote additional plasma uniformity

moving toward a substrate in the processing chamber 220
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[00581 In some embodiments, the plasma processing apparatus 300 includes a
peripheral gas injection port 270 operable {0 inject process gas at the periphery of
the region 272 along a vertical surface of the dislactric sidewall 232, defining active
plasma generation region(s) adiacent the vertical surface of the dielectric sidewall
232. For instance, the peripheral induction coil 252 can be operable to generata a
plasma in the region 272 proximale a vertical surface of the dielectric sidewall 232,
The center induction coil 254 can be operable to generate and/or modify a plasma
present in a center process region 314 proximate a vertical surface of the sidewall
320. The gas injection insert 302, in some embodiments, can further define an
active region for generation of the plasma in the plasma source interior adjacent the
vertical surface of the dielectric sidewall 232 and the vertical surface of the sidewall
320.

[0059] in practice, the subsirate can be provided some overlap of the process
plasma formed in the center process region 314 with the process plasma formed in
the region 272. Overall, peripheral gas injection port 270/center gas injection port
310 and peripheral induction coil 252/center induction coil 254 can provide improved
plasma and process uniformity {center-to-edge plasma control) for treating a
subsirate with a plasma.  To enhance center-to-edge process control, the gas
injection insert 302 includes a plasma sgparator(s) 304. The plasma separator{s)
304 may be a uniform cylindrical separator coupled with (for exampile, disposed

along) surface 180,

(0607  In addition, in embodiments where the process gas provided by center
gas injection port 310 is different than process gas provided by the peripheral gas
injection port 270, new plasma chemistries may be oblained as compared io
conventional plasma processes using a conventional plasma sourca. For example,
advantageous processing of substrates may be provided, which cannot be obtained
in conventional plasma processing. For example, & unique mix of plasma can be
created if one mixes a plasma generated flow of radicals and excited species {for
example, some embodiments of region 272) with a flow of different plasma rich on
differert kind of plasma species, for example, different radicals. In addition,
formation of these unigue plasma chemistries can be obtained in embodiments
utitizing alignment of the surface 180 with a portion of the peripheral induction colf

252, for example, as described above.
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[0061] FIG. 4 is a schematic diagram of a plasma processing apparatus 400.
The plasma processing apparatus 400 includes a plasma source 422, The plasma
source 422 includes a gas injection insert 402, which can be integrated with the top
cover, a peripheral gas injection port 270, and a center gas injection port 410, The
center gas injection port 410 is disposed within the gas injection insert 402 to fluidly
couple the center gas injection port 410 with a gas disiribution plenum 416 of gas
injsction insert 402, The gas distribution plenum 416 provides an increased
diameter (as compared to a diameter of the center gas injection port 410) for a
process gas o distribute uniformly before the process gas enters the exhaust region
between the bottom of the gas injection insert 402 and the platform 414, Once the
gas is provided through holes 412, the platform 414 provides a second gas
distribution plenum and promotes an outward flow of the gas {0 a periphery (for
gxample, into regions 272) of the plasma scurce 422, In some embodiments of the
present disclosure, the material to form the holes 412 is absent and a larger plenum
is formed. The platform 414 can be coupled with the gas injection insert 402 via a
plurality of scraws or bolts (not shown). The platform 414 can be made of quartz or
ceramic. The piatform 414 can have any suitable design, which allows different
materials. The outward/sideways flow of gas promoted by the platform 414 can
affect the flow profile of gasiplasma 1o a subsirate during processing, improving
center-to-edge uniformity, as compared {o conventional plasma process apparatus.
In addition, this cutward flow of the gas to a region adjacent to a plasma generation
region (for example, region 272) of the plasma source 422 provides benefils.
Because high plasma density can be created in region 272 adiacent to the {op part
of the induction coil 130, the electric field does not penstrate far away from the colil,
so the gas from the center injection 410-416-414 does not experience a ot of
ionization or dissociations, but the gas interacts chemically with high density radicals
and ions created in the region 272, Both radicals and ions are active chemically and
interact with a new feed gas from the center injection 410-416-414. The new feed
gas, radicals, and ions may create new plasma chemistries as compared (o
canventional plasma sources using a plasma processing chamber. For example, a
unigue mix of plasma can be creatad if one mixes a plasma generated flow of
radicals and excited species {(for example, some embodiments of region 272) with a
new flow of gas that does not pass through the region 272 with hot electrons (for

sxample, the process gas provided by center gas injaection port 410 and platform
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414jregion 418). For example, one can mix flow of H and H-radicals obtained in
plasma from the Hp feed gas (for example, from gas provided by the peripheral gas
injection port 270) with a flow of axygen Oz (for example, from gas provided by
center gas injection port 410), where one can significantly increase fraction of HOg,

HQO, H20z, and other non-squilibrium molecules, efc. in the region adjacent to region
272 related to the induction coil 130, In addition, formation of these unique plasma
chemistries can be oblained in embodiments utilizing alignment of surface 180 adge

with & portion of the induction coit 130, for example, as described above.

(00627 In some embodiments, a ratio of flow rate of process gas provided by the
peripheral gas injection port 270 to a flow rate of process gas provided by the center
gas injection port 410 is about 20:1 to about 1:20, such as about 10:1 o about 1:10,
such as about 2:1 to about 1.2, such as about 1.2:1 to about 1:1.2, such as about
1.1, Such flow rates may provide a stoichiometry (for example, substantially
gquimolar amounts) of the different process gases o provide desired densities of

chemical species in a plasma formead in regions 272

(00831 In addition, the ocutward/sideways flow provided by center gas injection
port 410 and platform 414/region 418 can modify flow patterns within the plasma
source 422 affecting delivery profile of radicals {o the substrate. For exampls, in
embodiments where the process gas provided by the center gas injection port 410 is
substantially the same as the process gas provided by the peripheral gas injection
port 270, more plasma flow is promoted foward an edge of a substrate, improving
the center-edge plasma profile (for example, uniformity of plasma provided o the

subsirate).

[0064] in addition, in embodiments where the process gas provided by the center
gas injection port 410 is different than process gas provided by the peripheral gas
injection port 270, new plasma chemisiries may be oblained as compared io
conventional plasma processes using a conventional plasma source. For example,
advaniageous processing of substrates may be provided, which cannot be obtained
in conventional plasma processing. For example, a unique mix of plasma can be
created if one mixes a plasma generated flow of radicals and axcited species (for

example, some embodiments of region 272} with a new flow of gas that does not
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pass through the plasma region with hot electrons. For example, one can mix flow

of N-radical obtained in plasma from the N2 fesd gas with a flow of Nitrogen (Ng),
hydrazine, and/or NHa, where ong can generate a large number of different radicals

fike NH, NH2 molecules, etc. in a region of plasma processing apparatus 400 that is
downstream of regions 272,  In addition, formation of thess unigue plasma
chemistries can be obtained in embodiments utilizing alignment of surface 180 with

a portion of the peripheral induction coil 252, for example, as described above,

[0065] FIG. 5 is a schematic diagram of a plasma processing apparatus 500,
Plasma processing apparatus 500 includes plasma source 522 and processing
chamber 220, The plasma source 522 includes a gas injection insert 240, a
peripheral gas injection port 270, a center gas injection port 510, and top plate 124
The canter gas injection port £10 can ba disposed proximate (for example, adjacent)
a wall 550, Center gas injection includes a center gas injection port 510 having a
generally cylindrical plenum/manifold and a plurality of angled cutlets 512 uniformly
spread along the plenum. The gas injection insert 240 can likewise have a gensrally
cylindrical shape. The center gas injsction port 510 has angied outiet 512 o
promote outward/sideways flow of process gas provided by the center gas injection
port 510 and angled outlets 512, The angled cutlets 512 can have an angle that is
from about O degresa to about 90 degrees, such as about 30 degrees to about 80
degrees, such as about 45 degrees, relative 1o a vertical axis (such as vertical axis
186, which is parallel to an axial centerline of tha plasma processing apparatus 500

andfor the axial centerline of the plasma source 522).

[0066] The outward/sideways flow of gas promoted by angled outlet 512 can
affect the flow profile of gas/plasma to a substrate during processing, improving
center-to-edge uniformity, as compared {o conventional plasma process apparatus.
in addition, because a high plasma density can be created in a region adjacent the
induction coil 130 (and the electric field does not penetrate far away from the coil),
new plasma chemistries can be oblained as compared o conventional plasma
procaesses using a plasma processing chamber. For example, & unigque mix of
plasma can be created if one mixes a plasma generated flow of radicals and excited
spacies (for example, some embodiments of region 272) with a new flow of gas that

does not pass through the plasma region with hot electrons (for example, the
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process gas provided by the center gas injection port 510 and angled outlet 512).
For example, one can mix flow of N-radicals oblained in plasma from the Ng feed
gas {for example, from gas provided by peripheral gas injection port 270) with a flow

of Ny, hydrazine, and/or NHs {for example, from gas provided by center gas injection

port 510}, where one can generate molecular radicals like NH, NH2 molecules, etc.
in region 272 adjacent the induction coil 130, In addition, formation of these unigue
plasma chemistries can be obtained in embodiments utilizing alignment of induction

coil 130 with surface 180, as described above.

(30671 In some embodiments, a ratio of flow rate of process gas provided by the
peripheral gas injection port 270 to a flow rate of process gas provided by center gas
injection port 510 is about 21 to about 1.2, such as about 1.2:1 to about 1:1.2, such
as about 1.1. Such flow rates may provide a stoichiometry (for sxampls,
substantially equimolar amounts) of the different process gases o provide desired

densities of chemical species in a plasma formed in regions 272.

(00688} In addition, the cutward/sideways flow provided by center gas injection
port 510 and angled outlets 512 can modify flow pafterns within the plasma source
522 affecting delivery profile of radicals {o the subsirate. For example, in
embodiments where the process gas provided by center gas injection port 510 is
substantially the same as the process gas provided by peripheral gas injection port
270, more plasma flow is promoted toward an adge of a substrate, improving the
center-aedge plasma profile (for example, uniformity of plasma provided io the

substrate).

[0089] Furthermore, gas injection insert 240 of FIG. 5 has a fixed adge at the
surface 180, defining the active region that marks the axis 184 {or alignment level)
for the induction coil 130. The induction coil 130 is substantially aligned with surface
180 in such a way that the top turn of the coil is positioned above the axis 184
{surface 180}, and the bottom turn is positionad below the edge. One may further
adjust position of the coil within this range based on the process resulls. Alignment
of coil vertical center with surface 180 provides improved source efficiency, namely
controlled generation of desired chemical species for plasma processes and
delivering them to the subsirate with minimum losses.  For example, plasma

sustaining conditions (balance between local generation and loss of ions) might not
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work well for generating species for a plasma process. Regarding delivery of the
species {o the substrate, sefficiency can depend on the volume and wall
recombination of these particular species. Hence, control of the alignment of the
induction coil 130 with the surface 180 (edge) provides conirol of the source

efficiency for a plasma process.

(00707 In some embodiments, a bottom surface of gas injection insert 240 is
aligned with the surface 180 of the insert defining the aclive region for the coil (this
alignment level is shown as axis 184) by utilizing a suitably sized gas injection insert
240 1o form the plasma source 120, Altematively, the boltom surface of the gas
injection insert 240 can be made flaxible using a movable central part as shown in
FIG. & of the gas injection insert 240, while a remainder portion of gas injection insert
240 is fixed as part of plasma source 120, For example, a mechanism 170 can be
glectronically coupled with the central part of gas injection insert 240 to adjust the
central part such that the central part of gas injection insert 240 having a first position
is adjusted to a second position.  In some smbodimants, a difference in position from
the first position to the second position is about 0.1 om to sbout 16 cm, such as
about 1 om to about 2 om. Mechanism 170 can be any suitable machanism, such as
an actuator, for example a molor, electric motor, stepper moior, or pneumatic
actuator. Movement of the central part of the gas injection insert 240 by mechanism

170 increases or decreases a space between the central part and top plate 124,

[00711 In general, moving the central part of the gas injection insert 240
downward along a vertical direction V will reduce the flow of active spsecies toward
the center of the substrate and thus decrease the process rale in the center vs.
edge, while moving the central part upward will increase the process rate in the

center vs. adge.

[0072] Although the FIGS. have besn described independently, it is o be
understood that one or more embodiments from one Figure may be beneficially
incorporated with one or more embodiments of a different Figure. For example, gas
injection insert 140 of FIG. 1 or gas injection insert 240 of FIG. 2 may be gas
injection insert 302 of FIG. 3, gas injection insert 402 of FIG. 4, or the configuration
of gas injection insert 240 and center gas injection port 510 of FIG. 5. As ancther

non-limiting example, the edge gas injection port 280 may be inciuded as an
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embodiment with the plasma processing apparatus 300 of FIG. 3, the plasma
processing apparatus 400 of FIG. 4, and the plasma processing apparatus 500 of
FiG. 5.

[0073] FIG 7 is an induction coil 130 that can be used with a plasma source.
Induction coil 130 includes a plurality of coil loops including coil loop 182, The
induction coil 130 includes 3 complete coils, but more or less coils are contemplated.
For example, an induction coil may have 2-6 complete turns for RF frequency of

13.56MHz. More turns may be utilized for lowar RF frequency.
Example Methods

[0074] The present disclosure is also related to plasma processing of a substrate
with a plasma processing apparatus of the present disclosure. In some
embodimants, the plasma processing is a nitridation method that, for exampls,
increases the amount of nitrogen in the substrate being processed. The niiridation
method is a radical species nitridation using plasma processing. Embodimants of
the methods described herein can enable, for example, higher nitrogen dosing and
nitride thickness of a substrate being processed with lower thermal budgets relative
to conventional nitridation methods. Morsover, meathods describad harein can be
highly corformal in high-aspect ratio structures. Further, method described herein
can be cyciic, combined with a hydrogen radical treatment, and/or combinad with an
oxygen radical treatment {o achieve desired results. The nitridation methods
described herein can be performed in a8 single chamber with other processes, such
as other radical treatment processes. Embodiments of the nitridation methods
described herein ¢an be seleclive depending on, for example, the substrate and the

rifrogen-containing source.

[00757 FIG. 8 is a flowchart showing example operations of a method 800 for
plasma processing a substrate with a plasma processing apparatus of the present
disclosure. Embodiments of the plasma processing apparatus shown in FIGS. 1-7
can be utilized with the method 800, though the method is not limited to such

ambodiments.

[0076] Method 800 includes introducing a process gas into a plasma processing

source at operation 810. The process gas and flow rate thereof are selecied based
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on a particular substrate processing application.  In general, the process gas can
include at least one of N2, NHs, hydrazine (N2H4), Oz, Hz, a noble gas (He, Ar, Ne,
Kr, Xe), or combinations thereof. The noble gas can serve as a carrier gas. A flow
rate of the process gas and/or carrier gas can be from about 50 scem to about
20,000 scem as further described below. Other process gases and/or carrier gases,

as well as flow raies thersof, are contemplated.

(00777  Hustrative, but non-limiting, examples of substrates that can be utilized
with methods described herein include silicon-containing substrates such as
crystalline-Si {¢-8i), amorphous-8i {a-8i), and polycrystaliine-Si (poly-8i); silicon-
and germanium-containing substrates including $iGe, amoarphous-SiGe (a-5iGe),
and polycrystalline-SiGe (poly-8iGe); silicon oxides {Si0y) such as Si0Op; silicon
nitrides (SiNx} such as SisNg, hafnium oxides (HfOx} such as HfQz hafnium
zirconium oxides (HiZryQz), and combinations thereof. Other substrates are

contemnplated.

[0078] The substrales can be logic CMOS structures such as planar FETs,
FinFETs, and gate all arcund structures, dynamic random-access memory (BRAM)
structuras, 30 NAND structures, and high-aspect ratio siructures having an aspect
ratio of greater than about 20:1, such as from about 20:1 to about 200:1, such as
from about 100:1 to about 200:1.

[00797 The method 800 further includes providing a radio frequency power {o
generate an inductively-coupled plasma within the plasma source at operation 820.
The radio frequency power may be controlled based on the particular substrate
processing application. In general, the radio frequency power may be about 1 kW io
about 10 kW, however other power levels are also contemplated. From an interior
region of the plasma source, neutral particles and/or radicals of the inductive plasma
flow through a separation grid 1o the subsirate within a processing chamber.
Although a separation grid is shown in FIG. 1, the method 800 may be carried out

without a separation grid.

[B0B0] The method 800 further includes processing the substrate within the
procassing chamber at operation 830, The temperature and pressure of the

processing chamber can be controlled based on the particular substrate processing
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application. I general, and in some embodiments, the processing chamber can be
operated at a temperature that is from about 100°C to about 1200°C, such as from
about 150°C to about 850°C; and/or a prassure that is from about 0.025 Torr (25
millitorr (mTorn) {o about 5 Torr, such as from about 8.050 Torr (50 mTorr) {0 about

2 Torr. However, othar temperatures and pressures are contemplated.

[0081] A heat source used to control the temperature of the processing chamber
can include a lamp 176 {or plurality of lamps) positioned above the substrate, a lamp
{or plurality of lamps) positioned below the substrate, a heater embeddad within the
subsirate support, or combinations thereof. When heating is performed using a
lamp source positioned abovs the subsirate, the plasma injection would occur from
the side of the processing chamber. Other heat sources are contemplated. These
heat sources, or other heat sources, can be operated at temperatures dsscribed
herein. In some exampies, the substrate is heated using either a ceramic resistive

heater andfor using an array of lamps.

(00827 The substrate in the processing chamber may be exposed o neulral
particles and/or radicals generated in the inductive plasma that pass through the
separation grid. The plasma, including neutral particles andfor radicals contained
therein, can contact a first side of the substrate facing the plasma source. In some
embodiments, the substrate is heated using a heat source (for example, a plurality
of lamps) disposead opposite the first side of the substrate. The neutral particles
andior radicals can be used, for instance, as part of a surface tregtment process of
the substrate. in practice, gas flow rates andfor gas ratios may be selected so that
the surface of the substrate is saturated with the reactant supply of neutral particles
andfor radicals. Thse capability of the apparatus disclosed herein to provide for
surface saturation of the reactive species can be attributed {0 a very high density

source and a shortened distance between the plasma source and the substraie.

[B083] In plasma processing operations without surface saturation, the arrival
rate of the reactive species 1o the substrate surface determines the rate of reaction
and/or incorporation of the reactive species. However, using apparatus andfor
methods disclosed herein, reactive species are saturated on the surface dus to high
species flux such that diffusion of the reactive species becomes the dominating

factor.  Since temperature determines the diffusion of the reactive species and

27



WO 2023/075899 PCT/US2022/040984

drives the reaction, the reaction is femperature-dependent. Because thermal energy
is conformal in nature, being substantially uniform in three-dimensions, methods
disclosed herein, which are conirolled based on temperature, produce a more
conformal surface treaiment compared {0 plasma processing operations in which the

arrival rate of the reactive species is rate determining.

[0084] In general, processing times for the operation 830 may be about 10
seconds to about 10 minutes depending on the particular subsirate processing
application, however other processing times are also contemplated. It will be
appreciated that the method 800 can be performed using any of the plasma

processing apparatus of the present disclosure.

[0088] The plasma can be generated by energizing one or more induction coils
proximate the plasma source with RF energy o generate a plasma using a process
gas introduced into the plasma source. For instance, process gas can be admitted
into the plasma source from & gas source. RF energy from RF source(s) can be

applied to induction coil{s) to generate a plasma in the plasma source.

[0088] In general, the method 800 can be used for an array of different substrate
processing applications including without limitation, nitrogen radical treatment (for
example, nitridation), oxygen radical treatment {for example, oxidation), hydrogen

radical treatment, helium radical treatment, and various pre- and post-ireatments.

[00877 FIG 9 is a flow diagram of a method 800 for plasma processing a
subsirate with a plasma processing apparatus of the present disclosure.
Embodiments and implementations of method 800 can be ulilized with method 800
Embodiments of the plasma processing apparatus shown in FIGS. 1-7 can be

utilized with the method 800, though the method is not limited to such embodiments.

[0088] Msthod 900 begins with positioning a substrate within a processing
chamber at operation 910, For example, substrate 114 can be positioned on
substrate support 112 in the processing region/volume of the processing chamber
110. As described herein, the processing chamber can have a plasma processing
source that is integrated within andfor positioned above the processing chamber {or

positioned above the processing region/volume of the processing chamber). The

28



WO 2023/075899 PCT/US2022/040984

plasma processing source includes an inductively-coupled plasma source that can

be operated at desired power levels, further described below.

[0088]  Hlustrative, but non-limiting, examples of substrates that can be utilized
with method 900 described herein include silicon-containing substrates such as
crystalline-Si {¢-Si), amorphous-Si {a-Si), and polycrystaliine-Si (poly-8i); silicon-
and germanium-containing substrates including SiGe, crystalline-SiGe, amorphous-
SiGe (a-5iGe), and polycrystalline-SiGe {poly-5iGze); silicon oxides (5i0yx) such as
Si02z; silicon nitrides (SiNy) such as SiaNg, hafnium oxides (HfOx) such as HiOg;
hafnium zirconium oxides (HiZryQz), and combinations thereof.  Other substrates

are contemplated.

[00907 The substrates can be logic CMOS structures such as planar FETSs,
FinFETs, and gate all around structures, DRAM siructures, 3D NAND structures,
and high-aspeact ratio structures having an aspect ratio of greater than about 20:1,
such as from about 26:1 to about 200:1, such as from about 100:1 to about 200:1.

(008117 The method 900 further includes flowing a process gas into the plasma
procassing source at operation 920, For example, the process gas can be flowed
into a gas injection channel defined betweaen a gas injection insert and a sidewall of
a plasma source. The process gas can include a nitrogen-containing source (or
plurality thereof) and a carrier gas (or plurality thereof). fllustrative, but non-limiting,
axamples of nitrogen-containing sources include NHs, Np, hydrazine (NoH4), and

combinations thereof. Hlustrative, but non-limiting, examples of carrier gases include

noble gases such as Ar, He, Ne, Kr, Xe, and combinations thersof.

[00982] A flow rate of the nitrogen-containing sowrce into the plasma processing
source can be about 50 scem to about 5,000 scom, such as from about 100 scoem o
about 700 scem, such as from about 150 scem to about 650 scom, such as from
about 200 scom to about 600 scom, such as from about 250 scom to about 550
scem, such as from about 300 scom to about 500 scom, such as from about 350
scem to about 450 scom.  Higher or lower flow rates of the nitrogen-containing

source are contemplated.

(00831 A flow rate of the carrier gas into the plasma processing source can be

about 1000 scem to about 20000 scom, such as from about 1500 scem to aboud
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4500 scom, such as from about 2000 scom to about 4000 scom, such as from about
2500 scem to about 3500 scem, such as from about 2500 scom to about 3000 scem,
or from about 3000 scom to about 3500 scem. Higher or lower flow rates of the

carrier gas are contemplated.

(0084} In some embodiments a flow rate of the nitrogen-cortaining source can be
set relative to a flow rate of the carrier gas. For example, a flow rate of the nitrogen-
containing source can be about 1% to about 25% of the flow rate of the carrier gas,
such as from about 2% to about 22%, such as from about 3% to about 20%, such as
from about 5% to about 15%, such as from about 8% to about 12%, from about 5%
to about 10%, or from about 10% {o about 15% of the flow rate of the carrier gas. In
some embodiments, the flow rate of the nitrogen containing source can be from
about 3% to about 100% of the flow rate of the carrier gas, such as from about 3%
to about 20%, such as from about 5% {o about 15%. Higher or lower ratios are
contemplated. As a non-limiling example, when the flow rate of the nilrogen-
containing source is about 300 scom and the flow rate of the carrier gas is about
3000 scem, the flow rate of the nitrogen-containing source is about 10% of the flow

rate of the carrier gas. Higher or lower relative flow rates are contemplated.

[00958] The method 800 can further include generating an inductive plasma (or
inductively-coupled plasma) within the plasma source at operation 930, The
inductively-coupled plasma includes radical specias formed from the process gas,
for example, radical species formed from one or more nitrogen-containing sources
and/or radical species formed from one or more carrier gases. Such radical species
can include N andfor NH, for example, N* and/or NH*. The radio frequency power
of the ICP source can be oparated at a power that is from about 1,000 W to about
12,000 W, such as from about 2,000 W to about 10,000 W, such as from about
3,000 W to about 9,000 W, such as from about 4,000 W to about 8,000 W, such as
from about 5000 W to about 7,000 W, though a higher or lower power is
contemplated. Hers, the radio frequency power generates an inductive plasma (or
inductively-coupled plasma) adjacent the plasma source. Radicals and/or neutral
particles of the inductive plasma can flow through a separation grid to the substrate
114 within the processing chamber. Although a separation grid is shown in FIG. 1,

the method 900 may be carried out without a separation grid.
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[00961 In some embodimerts, which can be combined with other embodiments,
the heat source includes a lamp having a plasma source output that can be adjusted
depending on the dasired application. The plasma source output can be from about
2" {(~ 2 inches) in diameter to about 15 inches in diameter, such as from about 2
inchas in diameter (o about 14 inches in diameter, such as from about 4 inches in
diameter {0 about 12 inches in diameter, such as from about 6 inches in diameter {0
about 10 inches in diameater. In at least one ambodiment, the heat source includas a
lamp having a plasma source output that is from about 2 inches in diameter o about
12 inches in diameter or from about 4 inches to about 12 inches in diameter. These
diameters are the diameter of the outiet of the plasma cavity from which the radical

species exits from the plasma cavity and travels out towards the subsirate.

[0087] The method 800 can further include processing the substrate (or a layer
of the substrate) with the plasma comprising the one or more radical species at
operation 940. Processing the substrate can include nitriding the substrate (or a
layer of the subsirate) Operation 940 can include operating the processing
chamber at selected temperature and pressure. A heat source can be operated at a
temperature that is from about 100°C to about 1200°C, such as from about 150°C to
about 650°C, such as from about 200°C to about 800°C, such as from about 250°C
to about 550°C, such as from about 300°C to about 500°C, such as from about
350°C to about 450°C, such as from about 350°C to about 400°C or from about
400°C to about 450°C. Here, and in some examples, the heat source used (o
canirel the temperature of the processing chamber can include a lamp positioned
above the substrats, a lamp positionad below the substrate, a heater embedded
withinn the substrate support (for example, a pedestal having rasistive heating
elements embedded therein or coupied therelo), or combinations thereof.  Other
heat sources are contemplated. In some examples, the substrate is heated using

gither a ceramic resistive heater and/or using an array of lamps.

(0088} A pressure of the processing chamber for operation 940 can be set or
maintainad at a pressure that is from about 25 mTorr to about 5 Torr, such as from
about 50 mTorr to about 2 Torr, such as from about 100 mTorr to about 1.25 Torr,
such as from about 200 mTaorr to about 1 Torr, such as from about 300 mTorr {o
about 900 mTorr, such as from about 400 mTorr to about 800 mTorr, such as from

about 500 mTaorr to about 700 mTorr, such as from about 500 mTorr to about 800
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mTorr or from about 600 mTorr to about 700 mTorr. Cther temperatures and

pressures are contemplated.

(008817 The processing time of operation 840 can be about 5 seconds or more
andfor about 10 minuies or iess, such as from about 15 seconds to sbout 10
minutes, such as from about 30 seconds to about 5 minutes, such as from about 1
minute to about 4 minutes, such as from about 2 minutes to about 3 minutas,

however longer or shorter processing times are contemplated.

(004007 During operation 940, the plasma comprising the one or more radical
species can be introduced to the processing chamber. The plasma can be flowed
through a separation grid, if desired. The plasma can contact one or more sides of a
substrate while one or more sides of the substrate are heated. For example, the
plasma can contact a first side of the subsirate while the substrate is heated using a
heat source located on a second side of the substrate. The first side and the second
side can be the same or different sides of the substrate. The first side of the
subsirate can be the side that faces the separation grid when a separation grid is

utilized.

001011 Exposure of the substrate {0 the plasma comprising the one or more
radical species in operation 840 enables, for example, the tunability of the nitrogen
content and other properties of the substrate or a layer of the substrale being
processed. For exampie, the nitride thickness of the substrate o be adjusted. That
is, the substrate {or layer of the substrate) can be made more nitrogen dense by
embodiments described herein. After processing the substrate of operation 940, the
substrate (or layer of the substrate) can have one or more of the following properties

as described below:

[00102] A nifride thickness of the substrate (or a layer of the substraie) can be
about 25 angstroms (A) to about 50 A, such as from about 30 A to about 40 A,
though larger or smaller values for nitride thickness are contemplated. Nitride

thickness is determined by x-ray photoelectron spectroscopy.

[001031 A change in nitride thickness of the substrate (or a layer of the substrais)
can be about 5 A to about 50 A, such as from about 10 A to about 40 A, such as

from about 20 A to about 30 A, Larger or smaller changes in nitride thickness are
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cortemplated. Change in nitride thickness is determined by x-ray photoelectron

spectroscopy.

(001047 A number of nitrogen atoms per unit area (nitrogen dose) of the substrale
(or a layer of the substrate) can be about 5x10% atoms/om? to about 50x101°
atomsiom?, such as from about 10x10% atomsiom? to about 40x10'% atomsiom?,
such as from about 15x10" atomsfom? to about 35x10'° atoms/om?, such as from
about 20x10% atomsiom? to about 30x10'% atoms/om?. In at least one embodiment,
the number of nitrogen atoms par unit area (nitrogen dose) of the substrats (or a
layer of the subsirate) is from about 10x10"® atoms/om? to about 25x10'° atoms/om?,
such as from about 12x10" atomsfom? to about 20x10'° atomsiom?, such as from
about 14x10"° atoms/cm? fo about 18x10% astomsf/cm?, though larger or smaller
values arg contemplated. The number of nifrogen atoms per unit area is determined

by x-ray photoeleciron spectroscopy.

(0010581 A change in number of nitrogen atoms per unit area (nitrogen dose) of the
substrate {(or a layer of the substrate) can be about 1x10" atomfcm? to about
5010 atomsfom?, 5x10'5 atomsiom? to about 45x10%° atomsfom?, such as from
about 10x10'% atoms/cm? to about 40x10" atomsicom?, such as from about 15x10"8
atomsfom? to about 35x10'° atoms/om?, such as from about 20x10'% atoms/icm? to
about 30x10% atomsicm?  In at least one embodiment, the change in number of
nitrogen atoms per unit area (nitrogen dose)} of the substrate {(or a layer of the
substrate) is from about 1x10" atomicm? to about 30x10%° atomsfom?, 10x10'°
atomsfom® to about 25x10'% atomsiom?, such as from about 12x10'® atomsiom? to
about 20x10'9 atoms/ocm?, such as from about 14x10% atomsiom? to about 18101
stomsfom?, though larger or smaller values are contemplated. The change in
number of nitrogan atoms per unit area is determined by x-ray photosiactron

spectroscopy.

(001061 A percent nitrogen conient (in units of atomic percent} in the layer of the
substrate (or a layer of the substrate) can be about 1% or mare and/or about 45% or
less, such as from about 3% to about 40%, such as from about 5% o about 35%,
such as from about 10% to about 30%, such as from about 15% to about 25%, such
as from about 10% to about 20%, based on a total amount of material in the layer or

the substrate. Larger or smailler values for the atomic percent of nitrogen are
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contemplated. The percent nitrogen content is determined by x-ray photoelectron

spectroscopy.

(0041077 A change in percent nitrogen content in the layer of the substrate {(or a
layer of the substrate) can be about 1% or more andfor about 500% or more, such
as from about 50% to about 400%, such as from about 75% {c about 200%, such as
from about 100% to about 150%. Larger or smaller changes in percent nitrogen
content are contemplated. The change in percent nilrogen content is determined by
x-ray photoslectron spectroscopy. For example, the nitrogen content can increase
by about 1% or more, and/or 50% or less, such as from about 5% to about 45%,
such as from about 10% to about 40%, such as from about 15% to about 35%, such
as from about 20% io about 30%, based on a total amount of material in the layer or

tha substrate.

[004108] In certain examples, a substrate undergoing the nitridation method can
include a layer of silicon oxide having a thickness that is from about 10 angstroms to

about 100 angstroms.  During silicon oxide nitridation, at least one of diatomic
nitrogen {(N2), ammonia (NH3), hydrazine, or other nitrogen containing source, or a
mixture thereof, is introduced to the plasma processing source io generate N*

andfor NH* radicals. The silicon oxide nitridation performed using the plasma
processing apparatus and methods of the present disclosure can increase nitrogen
content in silicon oxide relative to rapid thermal nitridation processes at
approximaiely the same level of nitrogen conformality. This may be due {0 nifrogen
radicals (for example, N¥ andior NH™ radicals) being more reactive than NHs
molecules. Moreover, the silicon oxide nitridation processes described herein also
increase niirogen conformality in silicon oxide relative 1o ion driven decoupled
plasma nitridation processes. Silicon oxide nitridation described herein can form
peaks in nitrogen content at both the silicon-silicon oxide inferface and the silicon
oxide surface due to diffusion of N* andfor NH™ radicals from the surface to the
interface. Furthermore, the silicon oxide nilridation described herein can increase
corfaormatity on gate all around {GAA) semiconductor structures. In some examples,
nitridation of SIO2 led to a higher nitrogen content, a higher number of nitrogen
atoms per unit area, a higher nitride thickness, among other properties when, for

gxample, the mathod is performed with a greater amount of Nz than the amount of
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NHz or hydrazine. in some examples, nitridation of hafnium oxide led to & higher
nitrogen content, a higher number of nitrogen atoms per unit area, a higher nitride
thickness, among other properties when, for example, the method is performed with

a greater amount of NHs or hydrazine than the amount of Na.

(001091 In another example, the plasma processing apparatus of the present
disclosure may be used for silicon (Si) nitridation.  In certain examples, & substrate
undergoing the nitridation method can include a layer of silicon which can be treated

with nitrogen radicals to form a conformal layer of silicon nitride (for example, SiN)

i

(001407 The silicon nitridation performed using the plasma processing apparatus
and methods of the present disclosure can form a conformal layer of silicon nitride
having a thickness that is from about 10 angstroms {o about 80 angstroms. In one
example, the silicon nitridation described herein enables formation of substantially
conformal nitrogen content on top and bottom sidewalls of polysilicon in a 3DNAND

channel polysilicon (stack with an aspect ratio from 10:1 to 200:1).

[00111] Before, during, andfor after the nitridation of methods 800 and 800 can
inciude a cleaning operation where the substrate (or a layer of the subsirate) is pre-
cleaned to remove contaminants such as surface oxidation from the layer being
subject to nitridation as described herein. Surface cleaning can be performed using
wat chemistry such as dilute HF, ammonium hydroxide/peroxide, sulfuric
acid/peroxide, and combinations thereof. Cleaning can be performed i the same
procaess chamber as plasma processing described herein using plasma-generated
species such as hydrogen radicals andfor oxygen radicals.  Additionally, or
alternatively, before, during, and/or after nitridation, the substrate can undergo a
hydrogen radical treatment and/or an oxygen radical treatment.  Cleaning, hydrogen
radical treatment, andf/or oxygen radical treatment can be performed in the same
procassing chamber or a different processing chamber as the nitrogen radical
treatment (nitridation).  Cleaning, nitrogen radical treatment, hydrogen radical

treatment, and/or oxygen radical treatment can be performed in a cyclic process.

(001121 The mesthods described herein can be used for silicon nitridation (for
exampie, bare Si nitridation).  In addition, the methods described hergin can be used

for amorphous silicon (a-Si) nifridation. Here, the inventors found that embodiments
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described hersin enable, for example, similar rates of nitridation for both crystaliine
silicon and amorphous silicon. The nitridation processes described herein can be

used with or without a separation grid.

[001131 Nilridations using different plasma source powsr densities were also
compared. It was found that a plasma source output (for example, the plasma
source interior 125) having a smaller diameter achieves similar or even improved
nitride thickness and nitrogen atoms per unit area as compared to larger diameters
of the plasma source output. Here, the inventors found that methods described

herein can enable, for example, increased nitrogen thickness.

[00114] Nitridation of SIO films, such as PECVD oxide films and thermal grown
oxide films, were also investigated. The inveniors found that embodiments of the
nitridation methods described herein can be ulllized to increase the nitrogen content
of these and other 8I0 films.  In addition, transmission electron microscopy (TEM)
measurements were performed {0 measure nitride thickness on 3DNAND memory
holes. The TEM measurements showed that the nitridation described hersin can be
z890% conformal, whare the nitride thickness at the top of a memary hole was very
close to the nitride thickness at the bottom of the memory hole. Thus, the nitridation
methods describad hersin can be performead on advanced semiconductor structures
such as DRAM structures, 30 NAND siructures, and high-aspect ratio structures (for

example, about 100:1 to about 200:1), among others.

[00118] Overall, methods described herein enable nitridation of a varisty of
substrales.  Embodiments of the methods described herein can achieve, for
axample, a higher nitrogen dose (a higher number of nitrogen atoms per area of the
subsirate), higher nitride thickness, increased nitride depth, and improved

conformality over existing processes.

[001168] As is apparent from the foregoing general description and the specific
aspects, while forms of the aspects have been illusitrated and described, various
madifications can be made without departing from the spirit and scope of the present
disclosure.  Accordingly, it is not intended that the present disclosure be limited
thereby. Likewise, the term “comprising’ is considered synonymous with the term
‘including.” Likewise whenever a compaosition, an element or a group of elements is

preceded with the transitional phrase “comprising,” it is undersiood that we also
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contemplate the same composition or group of elements with transitional phrases

How

‘consisting essentially of,” “consisting of " “selected from the group of consisting of”
or “Is” preceding the recitation of the composition, element, or elemeants and vice
versa, e.g., the terms “comprising,” “consisiing essentially of” “consisting of” also

include the product of the combinations of elements listed after the term.

(001171 For purposes of this present disclosurg, and unless otherwise specified,
all numerical values within the detailed description and the claims herein are
madified by “shout” or “approximataly” the indicated value, and consider
experimental error and variations that would be expected by a person having
ordinary skill in the art. For the sake of brevily, only certain ranges are explicitly
disclosed herein. However, ranges from any lower limit may be combined with any
upper limit to recite a range not explicitly recited, as well as, ranges from any lower
imit may be combined with any other lower limit to recite a range not explicitly
recited, in the same way, ranges from any upper limit may be combined with any
other upper limit to recite a range not axplicitly recited.  Additionally, within a range
includes every point or individual value between its end points even though not
axplicitly recited. Thus, every point or individual value may serve as its own lower or
upper fimit combined with any other point or individual value or any other lower or
upper limit, to recite a range not explicitly recited.  As used herain, the terms

“approximately” or “about” refer {0 being within at least £5% of the reference value.

[00118] As used herein, the indefinite article "a” or “art’” shall mean “at least oneg”
unless specified o the contrary or the context clearly indicates otherwise. For
example, aspects comprising “nanotube” include aspects comprising one, two, or
more nanotubes, uniess specified to the contrary or the context clearly indicates only

one nanotube is includad.

SIS

(001191 As used hersin, the terms “inner” and “outer”; “up” and “down”; “upper”
and “lower”; “top” and “bottom”, “vertical” and *horizontal”, “upward” and “downward”;
“above” and “below”; and other like terms as used herein refer to relative positions to
one another and are not intended o denote a particular direction or spatial

orientation of the overall source/apparatus.
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[001207 While the foregoing is directed to embodiments of the present disclosure,
other and further embodiments of the disclosure may be devised without departing

from the basic scope theraof.
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What is claimed is:

1. A method for nitriding a substrate, comprising:
positioning the substrate on a subsirate support in a processing volume of a
proceassing chamber;
flowing a nitrogen-containing source and a carrier gas into a plasma
processing source coupled o the processing chamber such that a flow rate of the
nitrogen-containing source is from about 3% 1o about 20% of a flow rale of the
carrier gas;
generaiing an inductively-coupled plasma in the plasma processing scurce by
operating an inductively-coupled plasma sowrce at a powser of about 2,000 W o
about 10,000 W, the inductively-coupled plasma comprising a radical species
formed from the nitrogen-containing source, the carrier gas, or both; and
nitriding the subsirate within the processing chamber, comprising:
operating a heat source within the processing chamber at a
temperature of about 150°C to about 650°C {o heat the substrate;
maintaining a pressure of the processing chamber of about 50 mTorr
to about 2 Torr;
introducing the inductively-coupled plasma to the processing chamber;
and
adjusting a nitrogen content, a number of nifrogen atoms per unit area,
a nitride thickness, or combinations thereof, of the substrate by exposing the

subsirate to the radical species.

2. The method of claim 1, wherein Hz is co-flowed with the nitrogen-containing
source, and the inductively-couplad plasma further comprises a radical species

formed from the Ha.

3. The method of claim 1, wherein the plasma processing source comprises:

a gas injection channel definad between a gas injection insert and a sidewall
of the plasma processing source; and

an induction coll positionad proximate the sidewall and horizontally

overlapping the gas injection channel.
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4, The method of claim 3, wherein flowing the nitrogen source and the carrier
gas into the plasma processing source comprises flowing the nitrogen source and
the carrier gas into the gas injection channel

-

5. The method of claim 1, wherein the nitrogen-containing source comprises

NHa, N2, hydrazine (N2Has), or combinations thereof.

8. The method of claim 1, wherein the carrier gas comprises Ar, He, Ne, Kr, Xg,

or combinations thereof.

7. The method of claim 1, wherein the heat source comprisas a lamp positionad
above the substraie, a lamp positioned below the subsirate, a healer embedded

withir the substrate support, or combinations thersof.

&, The method of claim 1, wherein the heal source has a plasma source output

of about 2 inches in diameter fo about 15 inches in diamster.

9. The method of claim 1, wherein the substrate comprises crystalling silicon,
amorphous  silicon, polyorystalling silicon, crystalline SiGe, amorphous SiGe,
polverystailine SiGe, silicon oxide, silicon nitride, hafnium oxide, hafnium zirconium

oxide, or combinations thereof.

10.  The method of claim 1, further comprising:
performing an oxygen radical freatment before or after nitriding the substrate;
performing a hydrogen radical treatment before or after nitriding the
subsirate; or

a combination thereaof.

1. The method of claim 10, whersin the oxygen radical treatment, the hydrogen
radical treatment, or both, are performed in the same processing chamber as

nitriding the substrate.

12, A mesthod for nitriding & substrate, comprising:
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positioning the substrate on a subsirate support in a processing volume of a
proceassing chamber,
generating an inductively-coupled plasma in a plasma processing source
coupled to the processing chamber, wherein generating the inductively-coupled
plasma comprises:
operating an inductively-coupled plasma source at a power of about
2 000 W to about 10,000 W,
flowing hydrazine and a carrier gas into the plasma processing source
such that a flow rate of the hydrazine is from about 3% to about 100% of a flow rate
of the carrier gas, the carrier gas comprising Ar, He, Neg, Kr, Xe, or combinations
thereof, and
forming the inductively-coupled plasma, the inductively-coupled
plasma comprising a radical species comprising N, NH, or a combination therecf;
and
nifriding the substrate within the processing chamber, whersin nitriding the
substrate comprises:
operating & heal source within the processing chamber at a
temperature of about 150°C 1o about 850°C o heat the substrais;
maintaining a pressure of the processing chamber of about 50 mTorr
to about 2 Torr;
intreducing the inductively-coupled plasma to the processing chamber,
and
adjusting a nitrogen content, a number of nitrogen atoms per unit area,
a nitride thickness, or combinations thereof, of the subsirate by exposing the

substrate to the inductively-coupled plasma comprising the radical species.

13, The method of claim 12, wherein the flow rate of the hydrazine is from about

5% to about 15% of the flow rate of the carrier gas.

14. The method of claim 12, whereir:
the pressure is from about 200 mTorr to about 1 Torr;
the temperature is from about 500°C to about 850°C;
nitriding the substrate is performed for about 5 minutes or less; or

combinations thereof.
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15, The method of claim 12, wherein the heat source has a plasma source output

of about 4 inches in diameter (o about 15 inches in diameter

18, The meathod of claim 12, wherein:

Hz is co-flowed with the hydrazine and the inductively-coupled plasma further
comprises a radical species formed from the Hz;

NHa, N, or a combination thereof is co-flowed with the hydrazine and the
inductively-coupled plasma further comprises a radical species formed from the
N3, N2, or a combination thereof: or

a combination thereaof.

17. A method for nitriding a substrate, comprising:
posifioning the substrate on a substrate support in a processing volume of a
processing chambaer, the substrate comprising silicon;
generating an inductively-coupled plasma in a plasma processing source
coupled to the processing chamber, wherein generating the inductively-coupled
plasma comprises:
operating an inductively-coupled plasma source at a power of 2,000 W
to 10,000 W,
flowing a nitrogen-containing source and a carrier gas into the plasma
proceassing source such that a flow rate of the a nitrogen-containing source is from
about 3% o 100% of a flow rate of the carrier gas, the carrier gas comprising Ar, He,
Ne, Kr, Xe, or combinations thereof, and
forming the inductively-coupled plasma, the inductively-coupled
plasma comprising a radical species comprising N, NH, or a combination thereof;
and
nitriding tha substrate within the processing chamber, wherein nitriding the
substrate comprises:
operating a heat source within the processing chamber at a
temperature from about 150°C to about 650°C {0 heat the subsirate;
maintaining a pressure of the processing chamber from about 50

mTorr to about 2 Torr,;
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introducing the inductively-coupled plasma to the processing chamber,
and

adjusting a nitrogen content, a numbaear of nitrogen atoms per unit area,
a nitride thickness, or combinations thereof, of the substrate by exposing the

substrate to the inductively-coupled plasma comprising the radical species.

18.  The method of claim 17, wherein the substrate comprises silicon germanium
(SiGe).

19. The method of claim 17, wherein:

the flow rate of the nitrogen-containing source is from about 5% to about 15%
of the flow rate of the carrier gas;

the pressure is from about 200 mTomr to about 1 Torr,

the temperature is from about 500°C to about 650°C;

nitriding the substrate is performed for about 10 minutes or less; or

combinations theraof,

20, The method of claim 17, wherein:
Hz is co-flowed with the nitrogen-containing source and the inductively-
coupled plasma further comprisas a radical species formead from the Hp;

the plasma processing source is integrated within the processing chamber; or

a combination therecf.
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