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METHODS FOR CONFORMAL DOPING OF THREE DIMENSIONAL STRUCTURES

FIELD

[0001] Embodiments of the disclosure generally relate o the fabrication of
semiconductors, including processes for doping three dimensional structures. More
particularly, emboediments of the disclosure are directed to methods for doping high-k
layers with halogen atoms.

BACKGROUND

{0002] Three dimensional field effect transistors (FETs) have recently been
introduced as a way of improving gate control by increasing gate-channel coupling. In
so doing, off-state current and short-channel effecis can be reduced.

{0003} One challenge is forming uniform doping of the 3D struclures. Previously,
methods for forming conformal doping in a Si channel by conformal deposition have
been disclosed. However, high-K diglectrics may also suffer from high densities of
interfacial and bulk defects. These defecis may increase carrier scaftering, degrade

mobility, and reduce drain current.

[0004] Fluorine doping is able to reduce defect densities in high-k dielectrics by
effectively passivating interfacial dangling bonds and bulk oxygen vacancies. In turn,
these maodifications may reduce oxide leakage currents, improve stability of threshold
voltages, and improve device performance. However, fluorine is conventionally doped
by ion implantation methods which may damage FinFET fins and may be ineffective
for introducing fluorine atoms uniformly across the eniire three-dimensional geometry
of the FinFET fins.

{0005} Therefore, there is a need in the art for methods for conformally doping three
dimensional structures.

SUMMARY

{00061  One or more embodimenis of the disclosure are directed to a substrale
processing method. The method comprises depositing a substantially conformal
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silicon film on a three dimensional structure formed on a substrate. The substrate is
exposed to a metal halide o form a capping layer comprising metal and halogen
aloms. The substrale is annealed o diffuse halogen atoms below the capping layer
and dope the three dimensional structure with halogen atoms. The capping layer is
remaved from the substrate.

[0007] Additional embodiments of the disclosure are directed to substraie
processing methods comprising depositing a substantially conformal silicon film on a
FinFET structure formed on a substrate. The FinFET structure comprises a layered
stack with at least an interlaver dielectric layer, a high-k layer and a nitride iayer. The
substrate is exposed to WF; to form a capping layer comprising tungsten and fluorine
atoms. The substrale is annealed to diffuse fluoring atoms info the high-k layer and
dope the high-k layer with flucrine atoms in a range of about 0 to about 25 atomic

percent. The capping layer is removed from the subsirate.

{00881 Further embodiments of the disclosure are directed fo substrate processing
methods comprising depositing a substantially conformal silicon film on a FinFET
structure formed on a substrale by exposing the substrate 1o a silicon precursor. The
silicon precursor comprises al least one species with a general formula of SiiHy,
where x is an integer 1to 4 and vy is 2x+2. The FinFET struciure comprises a layered
stack with at least an interiayer dieleclric layer comprising SIO, a high-k layer
comprising HfO and a nitride layer comprising TiN. The substrate is exposed o WFs 1o
form a capping layer comprising tungsten and fluorine atoms.  The subsirate is
annealed at a temperature in a range of about 200 °C to about1000 °C to diffuse
fluorine atomns into the high-k layer and dope the high-k layer with fluorine atoms in a
range of about 0 to about 25 atomic percent. The capping layer is removed from the
substrate.

BRIEF DESCRIPTION OF THE DRAWING

{0009] So that the manner in which the above recited features of the present
disclosure can be understood in detail, a more particular description of the disclosure,
briefly summarized above, may be had by reference t¢ embodiments, some of which
are illustrated in the appended drawings. It is {0 be noled, however, that the
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appended drawings illustrate only typical embodiments of this disclosure and are
therefore not to be considered limiting of its scope, for the disclosure may admit to
other equally sffective embodiments.

00101 FiG. 1 shows a schematic representation of a substrate with a fin shaped

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

{00111 FIG. 2 illustrates schematic representations of a subsirate undergoing

processing in accordance with one or more embodiment of the disclosure.

DETAILED DESCRIPTION

{00121 Before describing several exemplary embodiments of the disclosure, it is 1o
be understood that the disclosure is not limited to the details of construction or
process steps set forth in the following description. The disclosure is capable of other
embodiments and of being practiced or being carried out in various ways.

[0013] A “substrate”, "substrate surface"”, or the like, as used herein, refers to any
substrate or material surface formed on a substrale upon which processing is
performed. For example, a substrate surface on which processing can be performed
include, but are not limited {o, malerials such as silicon, silicon oxide, strained silicon,
silicon on insulater (SO, carbon doped silicon oxides, silicon nitride, doped silicon,
germanium, gallium arsenide, glass, sapphire, and any other malerials such as
metals, meial nitrides, metal alloys, and other conductive malerials, depending on the
application. Substrates include, without limitation, semiconductor wafers. Substrates
may be exposed to a pretreatment process fo polish, etch, reduce, oxidize,
hydroxylate {(or otherwise generate or graft target chemical moieties to impart
chemical functionality), anneal and/or bake the substrate surface. In addition to
processing directly on the surface of the substrale itself, in the present disclosure, any
of the film processing steps disclosed may also be performed on an underiayer
formed on the subsirate as disclosed in more deiail below, and the term "subsirate
surface” is intended to include such underlaver as the context indicates. Thus for
example, where a film/Aayer or partial film/layer has been deposited onto a substrate
surface, the exposed surface of the newly deposited film/layer becomes the substrate
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surface. What a given substrate surface comprises will depend on what materials are

to be deposited, as well as the particular chemistry used.

[0014] Embodiments of the disclosure advaniageously provide methods of
conformally doping a three dimensional (3D) structure with halogen atoms. Some
embodiments advaniageously provide methods which conformally dope three
dimensional FinFET structures.  Some embodiments advantageously provide
methods which aliow for indirectly doping a capping layer with fluorine. Further, some
embodiments advantagecusly provide conformal doping of a three dimensional
structure such that the dopant is present in lavers of the structure in approximately
equal concentrations regardiess of the layers orientalion and position within the

structure.

[0018]  With reference fo the Figures, one or more embodiment of the disclosure is
directed to a method 100 for conformally doping a three dimensional structure on a
substrate. 3D structures may be formed on the substrate by various patterning and
giching processes. In some embodiments, the 3D structures are formed with
dimensions suitable for implementation as fin field-effect transistors (FInFETs) in
complimentary metal-oxide semiconductor (CMOS) fransistors. However, other
transistor types may alse benefit from the embodiments described herein. In some
embodiments, the 3D structures may be suitable for and may have dimensions
commensurate for ulilization in current technology nodes and advanced technology

nodes, such as a sul-10 nm node.

f0016] Fin Field Effect Transistors, also known as a FinFETs, are well known by
those skilled in the art. FinFETs are a type of non-planar or three dimensional
transistor used in the design of modern processors. As in earlier, planar designs, they
are typically built on an SOl {silicon on insulator} substrate. However, FinFET designs
also use a conducting channel that rises above the level of the insulator, creating a
thin silicon-based struciure, shaped like a fin, which is called a gate electrode. This
fin-shaped electrode allows multiple gales {0 operate on a single transistor. FinFET
devices may also advantageously provide faster switching times and higher current
density than mainstrearn CMOS technologies.
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{00171 FIG. 1 iusirates a substrate 110 with a fin 112 formed thergon. The fin 112
comprises at least one sidewall 113 and a top 114, The fin 112 of some embodiments
is a rectangular prism-shaped object with elongated sidewalls connected by shorter
end walls {not shown}. In some embodiments, the fin 112 is a cylindrical object with
one round sidewall and a top.

[0018] Referring to FiG. 2, the method 100 starts with providing a substrate 110.
The substrate 110 has a three dimensional structure formed thereon. In some
embodiments, the three dimensional structure comprises a layered stack 105. The
layered stack 105105 comprises a dielectric layer 120, a high-k layer 130 and a nitride
layer 140. In some embodiments, the layered stack 105 is structured, as shown in
FIG. 2, with the diglectric layer 120 on the substrate 110, the high-k layer 130 on the
diglectric layer 120 and the nitride layer 140 on the high-K layer 130. The individual
layers illustrated in FiG. 2 are shown as generally conformal in shape (i.e. having
uniform thickness on top, sides and bottom of features); however, the skilled artisan
will recognize that this is merely representative of one possible configuration and any

or all of the films can be non-conformal.

{00191  In one or more embodiments, a substrate 110 with a layered stack 105 is
provided for processing. As used in this manner, "provided” means that the subsirate
is placed into posilion or a suitable environment for processing. In some
embodiments, the method further comprises forming the layered stack 105 on the
substrate 110.  These methods comprise forming a dielecltric fayer 120 on the
substrate 110, forming a high-k layer 130 on the dielactric layer 120, and then forming
a nifride laver 140 on the high-k layer 130. The diglectric layer 120, the high-K layer
130 and the nitride layer 140 can be formed by any suitable technique known to the
skilled artisan. Suitable technigues include, but are not limited to, spin-on technigues,
chemical vapor deposition (CVD), atomic layer deposition (ALD), plasma enhanced
CVD, plasma enhanced ALD and physical vapor deposition (PVD).  The skilled
artisan will be familiar with the various deposition processes and technigues and
further description of these processes is not included.

[0020] The embodiment illustrated in FIG. 2 has a distinct dislectric layer 120
relative 1o the substrate 110. However, the skilled artisan will recognize that the
dielectric layer 120 can be the substrate 110 or a portion of the substrate 110. For
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example, the high-k layer 130 can be formed on the substrate 110 o form a part of the
layered stack 105. In some embodiments, the dielectric laver 120 is a different layer
than the substrate 110.

{00211 The layered stack 105 is formed on a subsirate 110 which can be any
suitable material or shape. For simplicity, in the Hlustrated embodiment, the substrate
110 is shown with one fin, or feature, on the surface. This is merely representative of
one exemplary embodiment and the skilled artisan will understand that the substrate
110 can have one or more features (i.e., fins, trenches or vias), structures, or other
abnormalities, and that the layered stack 105 can be formed fo conform to the shape
of the surface of the subsirate 110.

00221 In some embodiments, the dielectric layer 120 can be formed by oxidation of
the surface of the substrate 110, In some embodiments, the dielectric fayer 120 can
be deposited or formed as a film on the substrate. The dielectric layer 120 can be any
suitable material including, but not limited 1o, silicon oxide. |t should be understond
that the term “silicon oxide” does not convey any ratio, stoichiometric or cotherwise,
between the elements. In some embodiments, the dielectric layer 120 comprises
silicon (Si) and oxygen {O) atoms. In some embodiments, the dielectric layer 120
consists essentially of silicon and oxygen atoms. In some emboediments, the dislectric
layer 120 consists essentially of silicon dioxide (SiCs). As used in this specification
and the appended claims, the term "consisis essentially of' means that the bulk
composition (nof including any interface regions) of the subject film is grealer than or
equal to about 95%, 98%, 98% or 89.5% of the specified material on an atomic basis.
For example, a film consisting essentially of silicon oxide will have the sum of silicon
and oxygen aloms greater than or equal to 95% of the tolal atoms.

[00231 The dielectric layer 120 of some embodiments is a native oxide on the
substrate 110, For example, a silicon substrale may oxidize in air 1o form a nalive
oxide layer on the silicon. in some embodiments, the thickness of the dieleciric layer
120 is less than or equal i0 about 20 A, less than or eqgual 1o about 15 A, less than or
equal to about 10 A, or less than or equal to about 5 A. In some embodiments, the
dielectric layer 120 has a thickness in the range of about 3 A to about 20 A, in the
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range of about 5 A to about 15 A, in the range of about 5 A to about 10 A or in the
range of about 10 A to about 15 A.

{00241 In some embodiments, the high-K layer 130 is formed or deposited on the
dielectric layer 120. The high-k layer 130 can be any suitable high-k dielectric
including, but not limited to, hafnium oxide. In some embodiments, the high-k layer
consists essentially of Hf and O. In some embodiments, the high-k layer consists
essentially of HiO,.

f0025] In some embodiments, the high-K layer comprises a material with a dielectric
constant greater than or equal to 4, greater than or equal to about 5, greater than or
equal to aboui 6, greater than or equal to about 10, or greater than or equal to about
20.

[0026] In some embodiments, the thickness of the high-K layer 130 is in the range
of about 5 A to about 30 A. In some embodiments, the thickness of the high-k layer
130 is in the range of about 10 A to about 25 A.

00277  The high-k layer 130 can be formed by any suitable process. In some
embodiments, the high-k layer 130 is deposited by atomic layer deposition {ALD) or
chemical vapor deposition (CVD) wusing a hafnium  precursor (2.4,
tetrakis{dimsthylamidoyhafnium) and an oxidizing agent (8.g., Oz, Oz or HO)  In
some embodiments, the high-k layer 130 is deposited by a process which utilizes a

plasma reactant.

{00281 In some embodiments, the nitride layer 140 is formed or deposited on the
high-k layer 130. The nitride layer 140 can be any suilable material comprising a
metal and nitrogen, including but not limited o, titanium nifride.  In some
embodiments, the nitride layer comprises Ti or Ta. In some embodiments, the nitride
layer further comprises silicon. In some embodiments, the nilride layer comprises or

consists essentially of one or more of TiN, TiSIN, TaN, or TaSiN.

{00291 In some embodiments, the thickness of the nitride layer 140 is in the range
of about 5 A to about 30 A. In some embodiments, the thickness of the nitride layer
140 is in the range of about 10 A to about 25 A.
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{00301 Referring again to FIG. 2, the method 100 begins with depositing 101 a
silicon film 150 on the three dimensional structure (i.e., fin 112) formed on the
substrate 110. The silicon film 150 is substantiaily conformal {o the substraie surface
including the surface(s) of the three dimensional structure formed thereon. As used in
this regard, the term “conformal” means that the thickness of the silicon film is uniform
across the substrate surface. As used in this specification and the appended claims,
the term “substantially conformal” means that the thickness of the film does not vary
by more than about 10%, 5%, 2%, 1%, or 0.5% relalive 1o the average thickness of
the film.

{00311 The silicon film 150 may be any suitable material comprising silicon. In
some embodiments, the silicon Tilm 150 is an amorphous silicon film. As used in this
regard, an amorphous film has a volume percent crystallinity of less than or equal io
about 10%, or less than or equal to about 5%, or less than or equal to about 2%, or
less than or egual to about 1%, or less than or equal to about 0.5%, or less than or
eqgual to about 0.2%, or less than or equal fo about 0.1% of the iotal volume of the

fiim.

{0032] The silicon film 150 can be deposited by any suitable method. In some
embodiments, the silicon film 150 is deposited by chemical vapor deposition (CVD).
In some embodiments, depositing the silicon film comprises exposing the substrate o
a silicon precursor. in some embodiments, the silicon precursor comprises at least
one species with a general formula of SiyHy, where x is an integer from tto4 and y is
2x+2.  In some embodiments, the silicon precursor is silane, disilane, trisilane,
tetrasilane, or combinations thereof. The silicon film 150 may be formed o any
suitable thickness. In some embodiments, the silicon film 150 has a thickness in the
range of about 10 A to about 50 A, about 15 A to about 40 A, or about 20 A to about
30 A.

{00331 In some embodiments, the temperature of the substrale is maintained while
the silicon film 150 is deposited. in some embodiments, the substrate is maintained at
a temperature in the range of about 400 °C to about 550 °C, about 425 °C {o about
500 °C, about 450 °C io about 500 °C. In some embodiments, the substrate is

maintained al a temperature greater than or egual to about 400 °C, greater than or
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equal 1o about 450 °C, or greater than or equal to about 500 °C. In some
embodiments, the substrate is maintained at a temperature less than or equal to about
550 °C, less than or equal 1o about 500 °C, or less than or egual to about 450 °C.

[0034] After the silicon film 150 has been deposited, the method 100 may continue
with an anneal process 102 to form a spike annealed silicon film 152, In some
embodimenis, the substrate 110 is annealed by a spike anneal process or rapid
thermal anneal process. In some embodiments, the substrate 110 is heated 10 a
temperature in the range of about 500 °C to about 1000 °C. In some embodiments,
the substrate is heated to a temperature greater than or equal fo about 500 °C,
greater than or equal to about 600 °C, greater than or equal to about 700 °C, greater
than or equal to about 800 °C, or greater than or equal to about 1000 °C. In some
embodiments, the temperature of the substrate 110 is increased by a rate greater than

or equal to about 25 °C/sec or 50 °Clsec.

{00351 In some embodiments, the spike anneal process 102 heats the substrate for
a period of about 1 millisecond to about 10 seconds. The spike anneal process may
be performed under any suilable atmosphere. In some embodiments, the spike

anneal process is performed under a nifrogen (Nz) atmosphere.

[0038] The method 100 continues by exposing the substrate to a metal halide at
103 1o convert the spike annealed silicon film 152 to capping layer 155 comprising
metal and halogen atoms. I some embodiments, the metal halide comprises
tungsten (W). [n some embodiments, the metal halide comprises one or more of
fluorineg (F) or chiorine {(Cl}. In some embodiments, the metal halide consisis

essentially of WFs.

00371 In some embodiments, the capping layer 155 is formed by converting the
spike annealed silicon film 152 o a capping layer 155, In some embodiments, the
conversion process involves substituling silicon agtoms of the silicon film 150 with
atoms of the metal halide 1o form the capping layer 155 without spike annealing to
form the spike annealed silicon film 152, In some embodiments, the capping layer 155
comprises metal atoms and halogen atoms. In some embodiments, the capping layer

155 further comprises silicon.
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{00381 In some embodimenis, the metal halide is delivered 1o the substraie by co-
flowing the metal halide with a carrier gas. In some embodiments, the carrier gas
comprises nitrogen (Ng), argon {Ar), or combinations thereof. In some embodiments,
the carrier gas comprises substantially no hydrogen gas {(Hp). As used in this
specification and the appended claims, the term "comprises substantially no" means
that the stated material (e.g. the carrier gas) contains less than or equal to about 2%,
1%, 0.5%, 0.2% or 0.1% of the specified material. Without being bound by theory,
some embodiments minimize the amount of reduction of the metal halide o metal by
avoiding the presence of Hy or other reducing agents. In this way, an increased
concentration of fluorine or other halogen atoms is present in the capping layer. In
some embodiments, the capping layer comprises W and halogen atoms. In some
embodiments, the capping layer further comprises Si atoms. In some embodiments,
the capping layer consisis essentially of W and haiogen aloms. iIn some
embodiments, the capping layer consists essentially of W, F and Si atoms.

[0039] The temperature at which the substrate is exposed o the meial halide can
be varied depending on, for example, the thermal budget of the device being formed
and the metal halide selected. In some embodiments, exposure to the metal halide
occurs at a temperature in the range of about 100 °C o about 500 °C. In one or more
embodiments, the substrate is exposed at a temperature in the range of about 150 °C
to about 475 °C, or in the range of about 200 °C to about 450 °C, in the range of about
300 °C to about 425 °C, or in the range of about 350 °C to about 400 °C. In some
embodiments, the substrate is exposed to the metal halide at a temperature less than
or equal to about 500 °C and greater than or equal to about 100 °C, greater than or
equal to about 150 °C, greater than or equal to about 200 °C, greater than or equal to

about 250 °C, or greater than or equal to about 300 °C.

[00407 The pressure at which the substrate surface is exposed to the metal halide
can be varied depending on, for example, the metal halide selected and other process
conditions. In some embodiments, exposure to each of the precursors occurs at a
pressure in the range of about 6.1 Torr to about 100 Torr. In one or more
embodiments, the substrate is exposed at a pressure in the range of about 0.1 Torr o
about 100 Torr, or in the range of about 1 Taorr to about 80 Torr, or in the range of
about 10 Torr to about 60 Torr, In some embodiments, the substirate is exposed at a
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pressure greater than or equal fo about 0.1 Torr and less than or equal to about 100
Torr, less than or equal to about 80 Torr, less than or equal to about 60 Torr, less than
or equal o about 40 Torr, or less than or equal to about 25 Torr,

[0041] The method 100 continues by annealing 104 the substrate 110 to diffuse
halogen aioms below the capping layer 155 and dope the three dimensional siructure
with halogen atoms. In some embodiments, the three dimensional struciure
comprises g layered slack 105 comprising a high-k layer 130 and the halogen atoms
are diffused into the layered stack 105 to dope the high-k layer 130 with halogen
atoms forming a doped high-k layer 135.

{00421 In some embodiments, annealing the substrale diffuses the halogen atoms
from the capping layer 155 through the nitride layer 140 and into the high-K layer 130.
In some embodiments, the doped high-k layer 135 has a concentration of halogen
atoms in a range of greater than 0 alomic percent o less than or equal o about 25
atomic percent. In some embodiments, the doped high-k layer 135 has a
concentration of halogen atoms less than or sgual to about 25 atomic percent and
greater than or equal to about 2 atomic percent, greater than or equal to about 5
atomic percent, greater than or equal to about 10 atomic percent, greater than or
equal to about 15 atomic percent, or greater than or equal to about 20 aiomic percent.

{00431 In some embodiments, annealing the subsirate does not diffuse W or i
atorns from the capping layer 155 through the nitride layer 140 and into the high-k
fayer 130. In some smbodiments, some 5i atoms may diffuse from the capping layer
155 into the nitride layer 140 or the high-k layer 130. In certain embodiments where
Si atoms are diffused into the nilride layer 140 and/or the high-k layer 130, the
concentration of Si atoms increases by less than 5 atomic percent, less than 2 atomic

percent or less than 1 atomic percent.

[0044] The temperature at which the substrale is annealed can be varied
depending on, for example, the thermal budget of the device being formed and the
desired concentration of halogen doping in the high-k layer. Similarly, the duration of
the anneal can be varied depending on, for example, the thermal budget of the device
being formed and the desired concentration of halogen doping in the high-K layer. In
some embodiments, annealing the substrate occurs at a temperature in the range of
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about 200 °C to about 10600 °C. In one or more embodiments, the substraie is
exposed at a temperature in the range of about 250 °C 1o about 900 °C, or in the
range of about 300 °C fo about 800 °C, or in the range of about 350 °C o about 700
°C. In some embodiments, the subsirate is annealed at a temperature less than or
equal to about 1000 °C and greater than or egual to about 200 °C, greater than or
equal to about 300 °C, greater than or equal to about 400 °C, greater than or equal io
about 500 °C, grealer than or equal to about 800 °C, greater than or equal to about
700 °C, greater than or egual io about BOC °C, or greater than or equal to about 800
°C.

f0045] The anneal process may be carried out under any suitable conditions. In
some embodiments, annealing is performed under an inert gas almosphere. The inert
gas of some embodiments comprises one or more of nifrogen (Ng), helium (He), neon
{Ne}, argon {Ar), krypton {Kr) or xenon {Xe). In some embodiments, the inert gas
consists essentially of nitrogen (Np).

{00461 Thes inventors have found that the concentration of fluorine or other halogen
atoms within the doped high-k layer 135 can be controlled to a predetermined level.
in some embodiments, the concentration of flucrine or other halogen atoms can be
conirolled by controlling the concentration of fluorine or other halogen atoms within the
capping layer 155 before annealing, and/or the temperaiure, duration and/or
atmospheric conditions of the anneal process. In some embodiments, the
concentration of fluorine or other halegen aloms within the capping layer 155 can be
controlled by controliing the temperature, pressure, gas flow rates, selection of a

carrier gas or other process conditions of the metal halide based substitution process.

00477  Without being bound by theory, it is believed that in some embodiments, the
anneal process 104 allows for halogen atoms from the capping layer 155 to migrate
through the nitride layer 140 to the high-K layer 130 due to the small atomic radius of
the halogen atoms in the capping layer 155, Ultimately, the presence of these
halogen atoms in the doped high-k layer 135 modifies the threshold vollage of the
fayered stack 105.

{00481 The method 100 continues by removing 106 the capping layer 155 from the
substrate 110. The capping layer 155 may be removed by any suitable process,
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including but not limited to, chemical efch processes, mechanical processes, wet
processes, dry processes and combinations thereof. In some embodiments, the
process used to remove the capping layer 155 also removes a portion of the nitride
layer 140. In some embodiments, the nitride layer 140 may be redeposited or

reformed after removing the capping layer 155,

{00491 Reference throughout this specification to "one embodiment,” “certain
embodiments,” "one or more embodiments” or "an embodiment” means that a
particular feature, structure, material, or characteristic described in connection with the
embodiment is included in at least one embodiment of the disclosure. Thus, the

LU i H

in ceriain

LIH.

appearances of the phrases such as "in one or more embodiments,
embodiments,” "in one embodiment” or "in an embodiment” in various places
throughout this specification are not necessarily referring to the same embodiment of
the disclosure. Furthermors, the particular features, struclures, materials, or

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

{00501 Although the disclosure herein has been described with reference io
particular embodiments, it is 10 be understood that these embodiments are merely
iHlustrative of the principles and applications of the present disclosure. It will be
apparent 1o those skilled in the art that varicus modifications and variations can be
made 1o the method and apparatus of the present disclosure without departing from
the spirit and scope of the disclosure. Thus, it is intended that the present disclosure
include modifications and variations that are within the scope of the appended claims
and their equivalents.
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CLAIMS

1. A substrate processing method comprising:

depositing a conformal silicon film on a three dimensional structure formed on
a substrate;

exposing the silicon film to a metal halide to form a capping layer comprising
metal and halogen atoms;

annealing the capping layer to diffuse halogen atoms from the capping layer
and dope the three dimensional structure with the halogen atoms of the capping
layer; and

removing the capping layer.

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

3. The method of claim 1, wherein the three dimensional structure comprises a
layered stack, the layered stack comprising a dielectric layer, a high-k layer and a
nitride layer.

4. The method of claim 3, wherein the dielectric layer comprises silicon and oxygen.

5. The method of claim 3, wherein the high-k layer comprises Hf and O.

6. The method of claim 3, wherein the nitride layer comprises one or more of TiN,
TiSIiN, TaN, or TaSiN.

7. The method of claim 1, wherein depositing the silicon film comprises exposing the
substrate to a silicon precursor, the silicon precursor comprising at least one species

with a general formula of SixHy, where x is an integer from 1 to 4 and y is 2x+2.

8. The method of claim 7, wherein the substrate is maintained at a temperature in a
range of 400 °C to 550 °C.

9. The method of claim 1, further comprising annealing the substrate after depositing
the silicon film.

10. The method of claim 9, wherein the silicon film is annealed at a temperature in a
range of 500 °C to 1000 °C for a period in a range of 1 ms to 10 s.

11. The method of claim 1, wherein the metal halide comprises W.
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12. The method of claim 1, wherein the metal halide comprises one or more of F or
Cl.

13. The method of claim 1, wherein the metal halide consists essentially of WFe.

14. The method of claim 1, wherein the substrate is maintained at a temperature of
100 °C to 500 °C while the substrate is exposed to the metal halide.

15. The method of claim 1, wherein the capping layer further comprises silicon.

16. The method of claim 1, wherein the substrate is maintained at a temperature of
200 °C to 1000 °C while the substrate is annealed to diffuse halogen atoms below
the capping layer.

17. The method of claim 1, wherein the capping layer is removed by an etch
process.

18. A substrate processing method comprising:

depositing a conformal silicon film on a FINFET structure formed on a
substrate, the FINFET structure comprising a layered stack with at least an interlayer
dielectric layer, a high-k layer and a nitride layer;

exposing the silicon film to WFs to form a capping layer comprising tungsten
and fluorine atoms;

annealing the capping layer to diffuse fluorine atoms from the capping layer
into the high-k layer doping the high-k layer with an atomic percent of fluorine atoms
in a range of greater than 0 to less than or equal to 25; and removing the capping
layer.

19. The method of claim 18, wherein removing the capping layer comprises
removing the capping layer and a portion of the nitride layer and reforming the nitride
layer.

20. A substrate processing method comprising:

depositing a conformal silicon film on a FINFET structure formed on a
substrate by exposing the substrate to a silicon precursor, the silicon precursor
comprising at least one species with a general formula of SixHy, where x is an integer
1to 4 andy is 2x+2, the FINFET structure comprising a layered stack with at least an
interlayer dielectric layer comprising SiO, a high-k layer comprising HfO and a nitride
layer comprising TiN;
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exposing the silicon film to WFs to form a capping layer comprising tungsten
and fluorine atoms;

annealing the capping layer at a temperature in a range of 200 °C to 1000 °C
to diffuse fluorine atoms from the capping layer into the high-k layer doping the high-
k layer with an atomic percentage of fluorine atoms in a range of greater than 0 to
less than or equal to 25; and removing the capping layer.



