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DOPING BY MOLECULAR LAYER DEPOSITION

TECHNICAL FIELD

{00011 Embodiments of the disclosure relate to doping technologies. In particular,
embodiments of the disclosure are directed 1o methods of semiconductor doping by
molecular fayer deposition (MLD) of a conformal film containing a doping element.

BACKGROUND

{00021 Semiconductor technology relies on the capability for tuning the slectrical
properties of the subsirale through the controlled introduction of substifutional
impurities {doping) in the crystal laltice of the semiconductor host materigl, in order to
tailor its elecironic, optical and/or magnetic properties. The present ex situ doping
strategies, however, cannct be easily extended 1o the nanoscale. As the size of
semiconductor devices shrinks 1o the nanoscale, the standard random distribution of
the individual atoms within the semiconductor becomes critical since the assumplion
of uniform doping distribution does not hold anymore. Currently there is a significant
gffort by the scientitic communily for the development of a new fechnology o
demonsirate deterministic doping of semiconductor structures at the nanoscale.
{00031 Conventional doping iechnigues are mainly based on ion implaniation which
implies the bombardment of the fargel semiconducior with high energy dopant-
containing ions thal, subseguently, are induced 1o replace atoms in the latlice using a
high temperature thermal trealment. The main advaniage of this lechnique is the
independent control of the dopant dose and depth distribution of the impurity atoms
within the semiconductor host. This approach has been widely explored, and has
become the workhorse in microelectronics, since i guaraniees excellent doping
uniformily over large areas.

{00041 There are a number of drawbacks that are associated with ion implantation
technology, however, including damage to the crystal lattice during ion bombardment
and subsequent fransient enhanced diffusion caused by defecits during the thermal
trealment. Moreover, most of the scurce gases, commonly used in ion implantation,
are hazardous from a health and environmenial perspective. Additionally, this

technigue is incompatible with 30 nanosiructured materials since it does not provide
1
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conformal dopant incorporation for non-planar nanostruciures. Accordingly, there is a
need in the art for improved doping technoiogies 1o be able to precisely control the
element doping into a high aspect ratio (HAR) semiconducior siructure such as 3D-
DRAM, gate-all-around, and the like.

SUMMARY

{00051 One or more embodiments of the disclosure are directed o a method of
semiconductor doping, the method compriging: flowing a first precursor over a
substrate comprising a semiconductor surface and a dielectric suiface o form a first
portion of a doped carbon-containing layer on the semiconductor surface and on the
diglectric suriace, the first precursor comprising a first reaclive group; removing & first
precursor effluent comprising the first precursor from the subsirate; flowing a second
precursor comprising one or more of phosphorus {P), boron (B), aluminum {Al},
arsenic (As}, gallium (Ga), indium {In}, or zinc (Zn) over the subsirate 1o react with the
first reaclive group o form the doped carbon-containing laver on the semiconductor
surface and on the dielectric surface; and removing a second precursor effluent
comprising the second precursor from the substrale.

f00068]  Ancther embodiment of the disclosure is directed 1o method of
semiconductor doping, the melhod comprising: flowing a firsl precursor over 3
subsirate comprising a semiconductor surface and a dislectric surface, the first
precursor having a general formula R'-(X}» wherein B! comprises ong or more of alkyl
group, an alkenyl group, an aryl, or aromatic group, and a cycloakkyt group, Xa
comprises one or more of a hydroxide group, an aldehyde group, a ketone group, an
acid group, an amino group, an isocyanate group, a thiocyanate group, and an acyi
chioride group, and n is an integer in a range of from 1 1o 6, wherein the first precursor
reacis with a reactive group on one or more of the semiconducior surface and the
diglectric surface to form a first portion of g doped carbon-containing layer on one or
more of the semiconducior surface and the dielectric surface; removing a first
precursor effluent comprising the first precursor from the substrate; flowing a second
precursor over the substrale, the second precursor comprising ong or more of
phogphorus {P), boron (B), aluminum (A}, arsenic (As), gallium (Ga), indium {in), and

zing {Zn), wherein the second precursor reacts with the first portion to form a doped
!j
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carbon-containing layer; and removing a second precursor effiuent comprigsing the

second precursor from the subsirate.

BRIEF DESCRIPTION OF THE DRAWING

{00071 So that the manner in which the above recited features of the present
disclosure can be understood in delail, a more particular description of the disclosure,
briefly summarized above, may be had by reference to embodiments, some of which
are iHustrated in the appended drawings. | is {0 be noled, however, that the
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 eqgually effective embodiments. The embodiments as described hergin are
iHustrated by way of example and not limitalion in the figures of the accompanying
drawings in which like references indicate similar elements.

{0008] FIG. 1 illustrates a process How diagram of a method of semiconductor
doping by molecular layer deposition (MLD) of a conformal film confaining & doping
element according 1o one or more embodiments;

{00081 FIG. 2 Hustrates cross-section view of a substrate according to one or more
embodiments;

{00107 FIGS. 3A and 3B illustrate cross-section views of a subsirate according to
one or more embodiments;

00111 FIG. 4 Hustrates cross-section view of a substrate according 10 one or morse
embodiments; and

[0012] FIG. 5 iHustrates cross-seclion view of a substrate according 1o one or more

ambodiments.

DETAILED DESCRIPTION

{0013] BHefore describing several exemplary embodiments of the invention, it is to
be understood that the invention is not limited to the details of construction or process
sieps sef forth in the following description. The invention is capable of other
embodiments and of being practiced or being carried oul in various ways.

{0014] The term "about” as used herein means approximately or nearly and in the

context of a numerical value or range set forth means a variation of £15%, or less, of
3
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the numerical value. For example, a value differing by £14%, £10%, 5%, 2%, or
+1%, would satisfy the definiion of about.

[0015] As used in this specificalion and the appended claims, the term "subsirate”
or "wafer” refers to a surface, or portion of a surface, upon which a process acis. it will
also be undersiood by those skilled in the art that reference 10 a substrate can refer {o
only a portion of the subsirale uniess the context clearly indicates olherwise.
Additionally, reference to depositing on a substrale can mean both a bare substrate
and a substrate with one or more films or features deposited or formed thereon.

{00181 A "substrate” or "substrate surface”, as used herein, refers {0 any portion of
a substrate or portion of a maierial surface formed on a substrale ypon which film
processing is performed. For example, a substrate surface on which processing can
be performed includes materials such as silicon, silicon oxide, silicon nitride, doped
silicon, germanium, gallium arsenide, glass, sapphire, and any other materials such as
metals, metal nitrides, metal alioys, and other conductive materials, depending on the
application. Substrates inciude, without limitation, semiconducior wafers. Substrates
may be exposed o a prefreatment process 1o polish, efch, reduce, oxidize,
hydroxylate, anneal, UV cure, e-beam cure and/or bake the substrate surface. In
addition to film processing directly on the suriace of the subsirate itself, in the present
disclosure, any of the film processing steps disclosed may also be performed on an
underlayer formed on the subsirale as disclosed in more detail below, and the term
“substrate surface” is infended to include such underlayer as the context indicates.
Thus, for example, where a filmvlayer or partial film/layer has been deposited ono a
substrale surface, the exposed surface of the newly deposited film/layer becomes the
substrate. Substrates may have various dimensions, such as 200 mm or 300 mm
diameter wafers, as well as rectangular or square panes. In some embodiments, the

subsirate comprises a rigid discreie material.
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00177 The term "gn” indicales that there is direct contact between elements. The
term "directly on” indicates thatl there is direct contact between slemenis with no
infervening elements.

{00181 As used in this specification and the appended claims, the lerms “precursor,”
‘reactant,” “reactive gas” and the like are used interchangesably to refer o any
gaseous species that can react with the substrate surface.

[0019] As used in this specification and the appended claims, the terms "reactive
compound”, "reactive gas”, "reactive species”, "precursor”, "process gas” and the like
are used interchangeably to mean a substance with a species capable of reacting with
the substrate or material on the subsirate in a surface reaction {(e.g., chemisorption,
oxidation, reduchion, cycloaddition). The subsirate, or portion of the subsirale, is
exposed seguentially to the two or more reactive compounds which are introduced
inte a reaction zone of a processing chamber.

{0020] Carbon-containing materials may be used in semiconductor device
manufacturing for a number of shructures and processes, including as a mask
material, an efch resistant malerial, and a wench fll material, among other
applications. More specilic examples of applications for carbon-containing materials
include the formation of hot implant hard masks, metal gate (MG)-cut hard masks,
metal gale fabrication, and reverse tone patlerning, seif-aligned patierning, among
others.

{00211  In one or more embodiments, molecular layer deposition (MLD) is used o
provide conformal and uniform doping technology for HAR and reentrant structures.
MLD is used o deposit a conformal carbon-based film that contains a doping element.
Thermal annealing is then used to make the doping element diffuse into the
semiconductor material. For HAR struclures, a conformal layer is used with low
temperature doping, precise conirol, and the carbon-based film can be easily removed
during doping or after doping. In one or more embodiments, the amount of doping can
be controlled by changing the thickness of MLD carbon-based film.

{00221 In specific embodiments, a carbon-containing film is deposited using
molecular layer deposition (MLD). The methods may include flowing a first deposition
precursor into a subsirale processing region fo form a first portion of an initial

compound layer. The first deposition precursor may have a general formula 8-
§
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wherein i is an integer in a range of from 1 1o 8, and R’ comprises one or more of an
aryl, or aromatic group, and a cycloalkyl group. X comprises one or more of a
hydroxide group, an aldehyde group, a kelone group, an acid group, an amino group,
an isocyanate group, a thiocyanate group, and an acyl chioride group. Specific first
deposition precursors include terephthaldehyde, phenylensdiaming, sthylenediamine,
hexamethylensdiaming, tergphthaloy! chioride, 1,3,5-benzenetricarbonyl trichloride,
pyromeliitic dianhydride,

{00231 The methods may include removing a first deposition effluent including the
first deposition precursor from the substrate processing region. The methods may
inchude flowing a second precursor into the substrale processing region. The second
precursor comtaining one or more of phosphorus (P), boron (B), aluminum (A, arsenic
(As), gallium (Ga), indium {In), or zinc (Zn). Specific second precursors may be
selected from Tris{dimethylaminoiphosphing, Phosphorus trichioride, Phosphorus{V}
oxychionde, Tristhydroxymethyhphosphing, Boron bichloride, Trimethylaluminum,
Tris{dimethylaminojarsine, Trimethylindium, Diethylzine, elc.

{0024] The second precursor may react with the reaclive group of the first precursor
to form a second portion of the initial compound fayer. The methods may include
removing a second deposition effluent including the second precursor from the
subsirate processing region. The methods may include annealing the initial compound
laver to form an annealed doped-carbon-containing material on the surface of the
substrate.

{00257 In some embodiments, the methods may inciude one or more of eiching the
MLD film at an unfargeted area, removing the MLD carbon film, thermal annealing o
drive the dopant into the semiconductor layer, removing the residual MLD layer using
a wet efch or plasma etch.

{00267 Embodiments of the present technology include molecular layer deposition
(MLD) methods and systems {o deposit a doped carbon-based film. Exemplary MLD
methods may include providing a first deposition precursor o a surface of a
semiconductor substrate, where the precursor forms a frst layer {eqg., a first
monolayer} on surfaces. During or after the formatlion of the first layer, unbound
deposition efiluents, which may include unbound molecules of the first deposition

precursor, are removed from a processing region in which the semiconducior
8
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substraie is exposed. A second deposition precursor may then be introduced io the
semiconductor subskrate, where molecules of the second deposition precursor bind to
reactive moigties on the first layer o form a second layer (€.9., 8 second monolayer)
on the surface. The second precursor contains one or more of phosphorus (P}, boron
(B}, aluminum (A}, arsenic (As}, gallium (Ga), indium {In), or zinc {Zn). During or after
the formation of the second layer, unbound deposition effluent, which may include
unbound molecules of the second deposition precursor, are removed from the
processing region. The semiconducior subsirate now has a doped carbon coniaining
material layer bound to the surface of the semiconductor substrate. Additional
compound layers of first and second layers may be bullt up on the deposited layers
until the number of built-up compound layers reaches a desired thickness of doped
carbon-containing malerial on the surface of the semiconducior subsirate. The
compound layers may then be annealed to drive one or more of phosphorus (P),
boron (B), aluminum (Al}, arsenic (As), gallium (Ga), indium {In), or zinc {Zn} into the
semiconductor.

{00271 One or more embodiments advantageously provides solutions to problems
with conventional doping methods. For exampie, the present technology avoids
damage o the crystal lattice caused by ion implantation during ion bombardment and
subsequent transient enhanced diffusion caused by defects during the thermal
freatment. Plasma immersion ion implantation also leads o crystal damage and
challenges for high aspect ratio {(HAR) stuctures and can be avoided with the
technology of one or more embodiments. Gas phase doping has fundamental fimits in
controlling dopant concentration near the suriace and a lack of uniformity. Solid phase
diffusion is challenging in HAR structure, residual film removal, and thermal budget.
One or more embodiments, therefore, advantageocusly provides confarmal and
uniform doping for high aspect ratio (HAR) structures, especially for deep and
reentrani features like 3D-DRAM. In some embodimentis, a low thermal budget (= 800
°(3) is possible, and any residue is easily removed after doping.

{0028] The embodiments of the disclosure are described by way of the Figures,
which ilustrale devices (e.g., iransistors) and processes for forming semiconductor
structures in accordance with one or more embodimenis of the disclosure. The

processes shown are merely Hlustrative possible uses for the disclosed processes,

-
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and the skilled artisan will recognize that the disclosed processes are not limiled to the
flustrated applications.

{00291 FIG. 1 lllustrales a process flow diagram of a method 10 of semiconductor
doping by molecular layer deposition (MLD) of a conformal film containing a doping
element according 1o one or more embodiments. FIGE. 2-5 illustrate cross-sectional
views of a semiconducior substrate being processed according to the method of one
or more embodiments. Referring to FIG. 1 and FIGS. 2-5, in one or more
embodiments, at operation 12, a subsirate is provided. As used in this specification
and the appended claims, the term "provided” means that the subsirate is made
available for processing {e.g., positionsd in a processing chamber).

{00307 Referring o FIG. 2, in one or more embodimenis, a substrate includes a
semiconductor surface 102 and a dieleciric surface 104. The semiconductor surface
102 may comprise any suitable semiconductor material known 1o the skilled artisan. In
one or more embodiments, the semiconducior surface 102 comprises one or more of
silicon (Sh), silicon germanium (8iGe), germanium {(Ge), silicon carbide (SIC), indium
gallium zinc oxide {inGan0;}, and the like.

{00311  In one or more embodiments, the diglectric surface 104 may comprise any
suitable dielectric matenal known 1o the skilled artisan. A "dielectric surface,” as used
herein, refers to any poriion of a substrate or portion of a malerial surface formed with
the dielectric material. Non-limiling examples of dielectric material include silicon oxide

AY

{Si0y), silicon nitide (ShkNy), silicon (S0}, silicon oxynilride (SION), carbides,

oxycarbides, nitrides, oxynitrides, oxycarbonitrides, polymers, phosphosilicate glass,
flucrosilicate {SIOF) glass, organosilicale glass (SIOCH), aluminum oxide (AlOx),
hafnium oxide (HIOx), zirconium oxide (Zr(2), titanium oxide (TiOL), titanium nitride
(TiN}, tantalum oxide {TaxQOs), viirium oxide (Y23s), lanthanum oxide (La20a),
aluminum nitride (AIN), magnesium oxide (MgO), calcium fluoride (CaFz), lithium
flugride (LiF), strontium oxide {8rQ)}, barium oxide {BaO)}, halium silicate (HISI04),
lanthanum aluminate (LaAlQz), nicbium pentoxide (Nb2Cs), barium titanate (BaTiOs),

strontium titanate (SrTiCs), bismuth titanate (BiaTizOe), lead zirconium titanate (Pb{dr,
Ti0s)

rE

calcium copper litanale (CaCusTiOaz), lithium niobale (LINBGs), barium
titanate (BaTiCs), and potassium nicbate (KNbQz). In one or more gpecific

embodiments, the dislectric surface 104 comprises one or more ¢f silicon oxide
8
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{Six), silicon oxycarbide (SIQ0), silicon oxycarbonitride (SIOCN), silicon nitride (SN},
silicon oxynitride (SION), aluminum oxide (AIGy), aluminum nitride (AIN), and hafnium
oxide (HIO).

{00321 In one or more embodiments, the substrale on which the carbon-containing
material is formed may include a material in which one or more fealures 1038 may be
formed. The substrale fealurss 108 may be characierized by any shape or
configuration according o the present lechnology. In some emboediments, the features
103 may be or include a trench structure, a via siructure, or aperture formed within the
substrate. Although the substrate features 103 may be characlerized by any shapes
or sizes, in some embodiments the substrate features may be characterized by higher
aspect ratios, or a ralio of a depth of the fealure 103 to a width across the fealure 103.
For example, in some embodiments substrate features 103 may be characlerized by
aspect ratios greater than or equal 10 5:1, and may be characierized by aspect ratios
greater than or equal o 10:1, greater than or equal to 151, greater than or egual 1©
20:1, grealer than or equal to 25:1, greater than or equal {o 30:1, greater than or equal
o 40:1, greater than or egqual to 50:1, or greater. Additionally, the features 103 may be
characterized by narrow widths or diameters across the feature 103 including between
two sidewalis, such as a critical dimension less than or equal to 100 nm, or less than
or equal fo 90 nm, or less than or equal to 80 nm, or less than or equal to 70 nm, or
less than or equal to 80 nm or less than or equal to 50 nm or less than or equal o 40
nm or less than or equal to 30 nm, or less than or equal to 20 nm, or less than or
egual to 10 nm.

{00331 In one or more embodiments, at operation 14, the oneg or more of the
semiconductor surface 102 and the dielectric surface 104 may optionally be pre-
cieaned. In addition o the pre-cleaning the semiconductor surface 102 and/or the
diglectric surface 104 iiseli, in the present disclosure, any of the treatmenis or pre-
freatments disclosed may also be performed on an underlayer metai surface as, and
the term “diglectric surface™ is intended 1o include such underayer as the context
indicates.

{00341  In one or more embodiments, the subsirate is pre-cleaned with one or more
of high temperature annealing, plasma treatment, and gas annealing. Plasma

treatment may include treatment with a plasma selected from one or more of
9
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hydrogen {Hz), oxygen {Qz2), ammonia (NHs), nitrogen (N2}, carbon dioxide (CQgz),
nitrous oxide {(NzO}, argon {Ar), and the like. Gas annealing may include annealing in
an almosphere of one or more of hydrogen (Hz), oxygen {Oz), ozone (O3}, nitrous
oxide {N20O), water {H20), hydrogen peroxide (Hz0:2), and the like. In one or more
embodiments, the pre-cleaning process of operation 14 removes layers from
substrate.

[0035] In some embodiments, the semiconductor surface 102 is cleaned/pre-
cleaned with a plasma. In some embodiments, the plasma is g conductively coupled
plasma {COP). In some embodiments, the plasma is an inductively coupled plasma
(ICP).

{0038] With reference to FIG. 1 and FIG. 3, at operalion 16, a first tvpe of precursor
is infroduced/flowed into the substrate processing region of a processing chamber and
over the subsirate surface. The first precursor binds strongly 1o the semiconductor
surface 102 and to the dielectric surface 104.

[0037]  In one or more embodiments, the first precursor may be a carbon-coniaining
precursor that has ail least fwo reactive groups that can form a bond with a group
attached 1o the semiconductor surface 102 and the dieleciric surface 104 of a
substrate. Molecules of the first precursor react with the surface groups of the
semiconductor surface 102 and the diglectric surface 104 fo form bonds linking the
first precursor molecule o the semiconductor surface 102 and the dielectric surface
104 of the substrate. The reactions between the first precursor molecules and the
groups on the semiconductor surface 102 and the dielectric surface 104 of the
substrate continue until most or all the surface groups are bonded o g reactive group
on the first precursor molecules. A first portion 105a of a doped carbon-containing
fayer 106 is formed that blocks turther reaction between first precursor molecules in
the first precursor effluent and the subsirate.

{00381 The first precursor may comprise any suitable precursor known to the skilled
artisan. In one or more embodiments, first deposition precurser may have a general
formula R™-{X)s wherein n is an integer in a range of from 1 to 8, and R’ comprises
one or more of an aryl, or aromatic group, and a cycioalkyl group. Xs comprises ong or
more of a hydroxide group, an aldehyde group, a ketone group, an acid group, an

aming group, an isocyanate group, a thiccyanate group, and an acy! chioride group.
10
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[0039] Unless otherwise indicated, the term "lower alkyl,” "alkyl,” or "all" as used
herein alone or as part of ancther group includes both straight and branched chain
hydrocarbons, containing 1 to 20 carbons, or 1 to 10 carbon aloms, in the normal
chain, such as methyl, ethyl, propyl, isopropy!, buivl, -bubyl, isobutyl, pentyl, hexyl,
ischexyl, heptyl, 4. 4-dimethyipentyl, oclyl, 2,2 4-trimethyl-pentyl, nonyl, decyl, undecyl,
dodecyl, the various branched chain isomers thersof, and the like. Such groups may
optionally include up o 1 1o 4 substituenis. The alkyl may be substituled or
unsubstituted.

{00401 Such alkyl groups may optionally include up 0 1 to 4 substituents such as
halo, for example F, Br, Cl, or |, or CFa, alkyl, alkoxy, aryl, aryloxy, aryl{aryl) or diaryi,
arylalkyl, aryialkyloxy, alkenyl, cycloalkyl, cycloalkylalkyl, cycloalkylalkyloxy, amino,
hvdroxy, hydroxyalkyl, acyl, heieroaryl, heteroaryloxy, heteroaryialkyt,
heteroarylalkoxy, aryioyalkyl, alkylthio, arylalkylthio, aryloxyaryl, alkylamido,
alkanoylaming, arvicarbonylaming, nitro, cvano, thiol, haloalkyl, bihaloalkyl, andior
alkylthio, and the like. In one or more embodiments, RY is independently selecied
from Ci-20 alikyl. In other embodiments, R* is from G2 alkyl

{00411  As used herein, the term "alkene” or "alkenyl” or "lower alkenyl” refers o
straight or branched chain radicals of 2 10 20 carbons, or 2 1o 12 carbons, and 1 10 8
carbons in the normal chain, which include one 1o six double bonds in the normal
chain, such as vinyl, 2-propenyl, 3-butenyl, 2-butenyl, 4-pentenyi, 3-pentenyi, 2-
hexenyl, 3-hexenyl, 2-heptenyl, 3-heplenvl, 4-heptenyl, 3-octenyl, 3-nonenyl, 4-
decenyl, 3-undecenyl, 4-dodecenyl, 4,8,12-letradecalrienyl, and the like, and which
may be optionally subsiituted with 1 1o 4 substituents, namely, halogen, haloalkyi,
alkyl, altkoxy, alkenyi, alkynyl, arvl, arvlalkyl, cycloalkyl, amino, hydroxy, hetercaryt,
cyclohetercalkyi, alkanoylaming, alkylamido, arvicarbonyl-aming, nitro, cyang, thiol,
alkylthio, and/or any of the alkyl substituents set out herein,

{00421  As used herein, the term "alkynyl” or "lower alkynyl” refers o siraight or
branched chain radicals of 2 1o 20 carbons, or 2 to 12 carbons, or 2 {0 8 carbons in
the normal chain, which inciude one triple bond in the normal chain, such as 2-
propynyl, 3-butynyl, 2-bulynyl, 4-pentynyl, 3S-pentynyl, 2-hexynyl, 3-hexynyl, 2-
heptynyl, 3-heptynyl, 4-hepiynyl, 3-octynyl, 3-nonynyl, 4-decynyl, 3-undecynyl, 4-

dodecynyl, and the like, and which may be optionally substituted with 1 o 4
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substifuents, namely, halogen, haloalkyl, alkyl, alkoxy, alkenvl, alkynyl, arvl, aryiaikyl,
cycloalkyl, amino, heteroaryl, cycioheterocalkyl, hydroxy, alkanoviaming, alkylamido,
arylcarbonylamino, nitro, cvano, thiol, and/or akylthio, and/or any of the alkyi
substituenis sef out herein.

{00431 The term "halogen” or "halo” as used herein alone or as part of another
group refers to chiorine, bromine, flucrine, and iodine as well as CFs.

{00441  As used herein, the term “aryl” refers to monocyclic and bicyclic aromatic
groups containing 6 1o 10 carbons in the ring portion (such as phenyl, biphenyl or
naphthyi, including 1-naphithyl and Z2-naphthyl} and may optionally inciude 1 o 3
additional rings fused 1o a carbocyclic ring or a helerocyclic ring (such as aryl,
cycloalkyl, heteroaryl, or cycloheteroalkyl rings). The aryl group may be optionally
substituted through available carbon atoms with 1, 2, or 3 substiluents, for example,
hydrogen, halo, haloalkyl, alkyl, haloalkyl, alkoxy, haloalkoxy, alkenyl, triflucromethyl,
triftuoromethoxy, alkynyl, and the like.

{0045] Specific examples of first precursor include, but are not limited o, ong or
more of terephthaldehyde, phenylenediamine, ethylenediaming,
hexamethylenediaming, tergphthaloyl chioride, 1,3,5-benzencticarbomyl trichloride,
pyromeliitic dianhydride, and the like.

{00481 In one or more embodiments, the formation raie of the first portion 1053 of
the doped carbon-containing layer 108 may depend on the femperature of the
subsirate as well as the temperature of the deposition precursors that flow inte the
subsirate processing region. Exemplary substrate temperatures during the formation
operalions may be grealer than or equal fo 50 °C, grealer than or equal o 80 °C,
greater than or equal to 70 °C, greater than or equal {0 80 °C, greater than or equal to
90 °C, greater than or equal to 100 °C, greater than or equal to 110 °C, greater than
or equal fo 120 °C, greater than or equal to 130 °C, greater than or egual 1o 140 °C,
greater than or equal to 150 °C, or higher. By mainiaining the subsirate temperature
elevated, such as above or about 100 °C in some embodiments, an increased number
of nucleation sites may be available along the semiconductor surface 102 of the
substrale, which may improve formation and reduce void formation by improving

coverage at each location.
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{0047] The first precursor effluent may remain in the substrale processing region for
a peried of time {0 nearly, or completely, form the first portion 105a of the doped
carbon-comntaining layer 108. The precursors may be delivered in alternating puises to
grow the maierial. in some embodiments, the pulse times of either or boih of the first
precursor and the second precursor may be greater than or egual o 0.1 seconds,
greater than or equal 1o 1 second, greater than or equal to 2 seconds, greater than or
equal 1o 3 seconds, greater than or equal v 4 seconds, grealer than or equal o 5
seconds, greater than or equal 1o 10 seconds, greater than or egual to 20 seconds,
greater than or equal 1o 40 seconds, greater than or equal 1o 60 seconds, greater than
or equal 1o 80 seconds, greater than or equal to 100 seconds, or more.

{00487 With reference to FIG. 1, al operalion 18, the first precursor is purged or
removed from the substrate processing region following formation of the first portion
105a of the doped carbon-containing layer 106, The effluents of the first precursor
may be removed by pumping them oul of the substrale deposition region for a period
of time ranging from about 10 seconds to about 100 seconds. Additional exemplary
time ranges may include about 20 seconds o about 50 seconds, and 25 seconds {0
about 45 seconds, among other exemplary time ranges. In some embodiments,
however, increased purge time may begin 1o remove reactive sites, which may reduce
uniform formation. Accordingly, in some embodiments the purge may be performed for
less than or equal to 80 seconds and may be performed for less than or egual 1o 50
seconds, less than or equal 1o 40 seconds, iess than or equal 1o 30 seconds, or less.
In some embodiments, a purge gas may be introduced 1o the subsirale processing
region o assist in the removal of the effluents. Exemplary purge gases include argon
(AN}, helium {He), and nitrogen (N2}, among other purge gases.

{00481 Referring to FIG. 1 and FIG. 38, at operation 20, a second type of precursor
reacis with the first precursor to form a second portion 105b of doped carbon-
containing layer 108, The second precursor advantageously contains one or more of
phosphorus (P}, boron {B), aluminum (Al}, arsenic {As), gallium (Ga), indium {in}, or
zinc {n). Specific second precursors may  be  selected  from
tris{dimethylamino)phosphine, phosphorus  trichionde, phosphorus(V}) oxychloride,
ris{hydroxymethyliphosphine, boron trichloride, frimethylaluminum,

tris{dimethylaming)arsine, rimethyiindium, disthylzing, and the like.
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{00501 In one or more embodiments, the second precursor can form bonds with
unreacted reactive groups of the first precursor that formed the first portion 105a of
the doped carbon-containing laver 108, Molecules of the second precursor react with
the unreacted reactive groups of the first precursor to form bonds linking the second
precursor molecules to the first precursor molecules. The reactions between the
second and first precursor molecules continue untit most or all the unreacied reactive
groups on the first precursor molecules have reacted wilh second precursor
molecules. A second portion 105b of a doped carbon-contgining laver 106 of the
deposition precursors is formed that blocks further reaction between second precursor
molecules in the second precursor effluent and the first portion 105a of the doped
carbon-comtaining layer 106.

[00581] Referring to FIG. 1, in one or more embodiments, the method 10 also
includes an operation 22 to purge or remove the second precursor effluents from the
subsirate processing region following the formation of the second portion of the doped
carbon-containing layer 106, The effluents may be removed by pumping them out of
the substrate deposition region for a period of time ranging from aboui 1 second 1o
about 100 seconds. Additional exemplary time ranges may include about 20 seconds
to about 50 seconds, and 28 seconds 1o about 45 seconds, among other exemplary
time ranges. In some embodiments, a purge gas may be introduced o the subsirate
processing region to assist in the removal of the effiuenis. Exemplary purge gases
include argon, helium, and nitrogen, among other purge gases.

{00527 In one or more embodiments, the formation rate of the second portion of the
doped carbon-containing layer 106 may also depend on the pressure of the second
precursor effiuent in the substrale processing region. Exemplary effluent pressures in
the substrate processing region may range from about 1 mTorr o about 20 Torr
Additional exemplary ranges include 5 Torr to 15 Torr, and 9 Torr 1o 12 Torr, among
other exemplary ranges.

[0053] With reference o FiG. 1, in one or more embodiments of the method 10
there is a determination/decision point 24 of whether a farget thickness of the as-
deposiied doped carbon-confaining layer 106 on the semiconductor surface 102 and
on the dielectric surface of the substrate has been achieved following one or more

cycles of forming a doped carbon-containing layer 106 (e.q., following the formation of
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the first and second portions of a compound layer). If a farget thicknegss of as-
deposited doped cabon-containing iayer 1086 has not been achieved, ancther cycle of
forming first and second portions of a doped carbon-containing layer 106 is
performed. If a target thickness of as-deposited doped carbon-containing layer 108
has been achieved, another cycle 1o form another doped carbon-containing layer 106
is not starled. Exemplary numbers of cycles for the formation of carbon-containing
lavers may include 1 cycle o 2000 cycles. Additional exemplary ranges for the
number of cycles may include 50 cycles 1o 1000 cycles, and 100 cycles to 750 cycles,
among other exemplary ranges.

{00547 Accordingly, it one or more embodiments, the method 10 further includes
depositing at least one additional doped carbon-containing layer on the initial doped
carbon-containing layer, where the initial doped carbon-containing layer and the at
least one additional doped carbon-containing layer form the doped carbon-containing
layer 106 on the semiconductor and dielectric surfaces of the subsirate.

[0055] In one or more embodiments, the doped carbon-conlaining layer 106 may
have any suiiable thickness. In one or more embodiments, the thickness of at least 1
nm, or at least 10 nm, or at least 100 nm, or at least 200 nm, or af least 500 nm, or at
least 1000 nm. Exemplary ranges of target thickness o discontinue further cycles of
forming compound lavers include about 10 nm to aboul 500 nm. Additional exemplary
thickness ranges may include about 50 nm o about 300 nm, and 100 nm to about 200
nm, among other exemplary thickness ranges.

{00588] in the embodiment shown in method 10 of FIG. 1, the as-deposited doped
carbon-containing layver 106 on the semiconducior surface 102 and on the dielectric
surface 104 of the substrate may be etched from the untargeted arsa 102, 104 at
operation 26. In one or more embodiments, the targeted area is the target doping
surfgce.

{00571 In the embodiment shown in method 10 of FIG. 1 and FIG. 4, the doped
carbon-cottaining laver 106 is thermally annealed atl operation 28. In one or more
embodiments, thermal annealing is used o drive in/diffuse the dopant {one or more of
phosphorus (P}, boron (B), aluminum (A}, arsenic {As), gallium (Ga), indium {n}, or
zine {Zn}) into the substrate. In one or more embodiments, the annealing is a thermal

annealing at a temperature greater than 400 °C. In some embodiments, he annealing
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is a thermal annealing process at a temperature in a range of from 400 °C o 1200 °C,
or at a temperature in a range of from 800 °C 10 800 °C. In one or more embodiments,
the ihermal annesling process is & one-siep annealing process. In other
embodiments, the thermal annealing process is fwo or more sieps at different
temperatures. The annealing environment of some embodiments comprises one or
more of an inert gas {e.g., molecular nitrogen (Nz), argon {Ar) or a reducing gas {(8.¢.,
molecular hydrogen (He) or ammonia {(NHa}) or an oxidant, such as, bul not limifed to,
oxygen {(Qz}, ozone {Q3), or peroxides. Annealing can be performed for any suitable
length of time. In some embodiments, the carbon-containing laver is amnealed for a
predetermined time in the range of about 1 second to about 80 minules, or in the
range of aboui 1 minute to about 60 minutes.

[0088] in the embodiment shown in method 10 of FIG. 1 and FIG. 5, the doped
carbon-comtaining laver 106 is then subjected to a plasma treatment process at
operation 30 1o remove the doped carbon-containing layer 106. The plasma may
comprise one or more of hydrogen (Hz), argon (Ar), ammonia (NHa), or oxygen {Oz).
{0058 In some embodiments, the processing region is in a modular system
comprising mulliple chambers which perform various functions including substrate
center-finding and orientation, degassing, annealing, deposition and/or eiching.
According to one or more embodiments, the modular sysiem includes at least a first
processing chamber and a central fransfer chamber. The ceniral transfer chamber
may house a robot that can shuttle substrales betwesn and among processing
chambers and oad lock chambers. The transfer chamber is typically maintained at a
vacuum condition and provides an intermediale stage for shutlling substrales from
one chamber o ancther and/or 10 a load lock chamber positioned at a front end of the
cluster tonl. Any suitable modular system known 1o the skilled arlisan may be adapted
for the present disclosure. However, the exact arrangement and combination of
chambers may be altered for purposes of performing specific steps of a process as
described herein. Other processing chambers which may be used include, but are not
imited to, cyclical layer deposition (CLD)}, atomic layer deposition (ALD), chemical
vapor deposition (CVD), physical vapor deposition (PVD), elch, pre-clean, chemical
clean, thermal treaiment such as RTP, plasma nilridation, degas, orientation,

hydroxylation, and other substrale processes. By carying out processes in the
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processing chamber of modular system, surface conifamination of the subsirate with
atmospheric impurities can be avoided without oxidation prior o deposiling a
subseguent fiim.

{00607 According to one or more embodiments, the substrate is continuously under
vacuum or "load lock” conditions and is not exposed to ambient air when being moved
from one chamber 1o the next. The transfer chambers are thus under vacuum and are
"pumped down" under vacuum pressure.  Inerl gases may be present i the
processing chambers or the iransfer chambers. in some embodiments, the inert gas
is used to purge or remove some or all of the reactants {e.q., reactant). According o
one or more embodiments, the inert gas is injecied at the exit of the processing
chamber to prevent reactanis (e.g., reactant) from moving from the processing
chamber 1o the transfer chamber and/or additional processing chamber. Thus, the
flow of inert gas forms a curtain at the exit of the chamber.

{00617 The substrate can be processed in single subsirate deposition chambers,
where a single subslrate is loaded, processed, and unioaded before another substrate
is processed. The subsirate can also be processed in g continuous manner, similar 1o
a conveyer system, in which mulliple substrates are individually loaded into a first part
of the chamber, move through the chamber, and are unloaded from a second part of
the chamber. The shape of the chamber and associated conveyer system can form a
straight path or curved path. Additionally, the processing chamber may be a carousel
in which multiple substrates are moved about a ceniral axis and are exposed ©
deposition, etch, annealing, cleaning, elc. processes throughout the carousel path.
{00621 During processing, the substrate can be heated or cooled. Such healing or
cooling can be accomplished by any suitlable means including, but not limited 1o,
changing the temperature of the subsirate support, and flowing heated or cooled
gases to the subsirate surface. in some embodiments, the substrate support includes
a heater/cocler which can be controlled o change the subsirate temperature
conductively. in one or more embodiments, the gases {either reaclive gases or inert
gases) being employed are healed or cocled o locally change the substrate
temperature. in some embodiments, a healer/cooler is positioned within the chamber

adjacent the subsirate surface to convectively change the substrate temperature.
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{0063] The substraie can also be siationary or rotated during processing. A
rotating substrate can be rofated (about the substrate axis) continucusly or in discrete
steps. For example, a substrale may be rotated throughout the entire process, or the
subsirate can be rofated by a small amount belween exposures o different reactive or
purge gases. Rotaling the substrate during processing (either comtinunusly or in
sieps) may help produce a more uniform deposition or efch by minimizing the effect
of, for exampile, local variability in gas flow geomelries.

[0064] In a spatial ALD process, the reaclive gases are flowed info different
processing regions within a processing chamber. The different processing regions are
separated from adjacent processing regions so that the reaclive gases do not mix.
The subsirale can be moved between the processing regions o separately expose
the substrate o the reaclive gases. During substrate movement, different portions of
the substrate surface, or material on the substrate surface, are exposed 10 the two or
more reaclive gases s¢ that any given point on the subsirate is substantially not
exposed to more than one reactive gas simuitanecusly.  As will be undersiood by
those skilled in the ari, there is g possibility thal a small portion of the substrate may
be exposed to multiple reactive gases simultaneously due o diffusion of the gases
within the processing chamber, and that the simullaneous exposure is unintended,
unless otherwise specified.

{00651 In another aspect of the spatial ALD process, the reaclive gases are
delivered simuliansously o the reaction zone but are separated by an inert gas
curtain and/or a vacuum curtain. The gas curiain can be combination of inert gas
flows into the processing chamber and vacuum stream flows cut of the processing
chamber. The subsirate is moved relative 1o the gas delivery apparaius so that any
given point on the substrale is exposed o only one reaclive gas.

{00661 A "pulse” or "dose" as used herein refers 10 a quantity of a source gas thal is
imermittently or non-continuously introduced into the process chamber. The guantity
of a particular compound within each pulse may vary over time, depending on the
duration of the pulse. A particular process gas may include a single compound or a
mixiure/combination of two or more compounds.

{00671 In a time-domain ALD process in some embodiments, exposure {0 each

reactive gas, which includes but not limited o the metal and dielectric material 1o be
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used for the ALD film, is separated by a time delay {o allow each compound to adhere
and/or react on the subsirale surface and then be purged from the processing
chamber. The reactive gases are prevenled from mixing by the purging of the
processing chamber between subseguent exposures.

{00681 In ancther aspect of a ime-domain ALD process of some embodiments, a
time delay oxisis belween pulses of reactive gases. During each time delay, a purge
gas, such as argon, is introduced into the processing chamber to purge the reaction
zone or ctherwise remove any residual reactive gas or reaclion producis or by-
products from the reaction zone. Alternatively, the purge gas may flow continunusly
throughout the deposition process so that only the purge gas flows during the time
delay beitween pulses of reactive gases. The reaclive gases are alternatively pulsed
with a pulse of purge gas there between mulliple times. The purge may also be
achieved with a vacuum pump with or without an inert gas.

[0069] The durations for each pulse/dose are variable and may be adjusted 1o
aecommodate, for example, the volume capacity of the processing chamber as well as
the capabiliies of a vacuum system coupled thereio. Additionally, the dose fime of a
reactive gas may vary according to the flow rate of the reactive gas, the lemperature
of the process gas, the tvpe of control vaive, the type of process chamber emploved,
as well as the ability of the components of the process gas to adsorb onto the
subsirate. Dose times may aiso vary based upon the type of laver being formed and
the geomelry of the device being formed. A dose time should be long enough 1o
provide a volume of compound sufficient {o adsorb/chemisorb onio substantially the
entire surface of the substrate and form a layer of a process gas component thereon.
{00707 Once the carbon-containing layer is deposited, the method may optionally
include further processing (e.g., bulk deposition of a dielectric film}). In some
embodiments, the further processing may be an ALD process.

{00711 The disclosure provides thatl the processes may generally be stored in the
memory as a software routine that, when executed by the processor, causes the
process chamber o perform processes of the present disclosure. The software
routine may also be stored and/or execuied by a second processor (not shown) that is
remotely located from the hardware being confrolled by the processor. Some or ali of

the method of the present disclosure may alse be performed in hardware. As such,
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the process may be implemented in software and executed using a computer system,
in hardware as, €.¢., an application specific integrated circuit or other type of hardware
implementation, or as a combination of software and hardware. The software routine,
when executed by the processor or coniroller, iransforms the general-purpose
computer inte a specific purpose computer (controller) that controls the chamber
operation such that the processes are performed. The process can be stored on non-
transitory computer regdable medium including instructions, that, when execuled by a
controlfer of a substraie processing chamber, causes the subsirate processing
chamber to perform the operations of: flow a lirst precursor over a substrate
comprising a semiconducior suriace and a dislectric surface to form a first portion of a
doped carbon-containing film on the semiconductor surface and on the dirlectric
surface, the first precursor comprising a first reactive group; remove a first precursor
effivent comprising the first precursor from the substrale; flow a second precursor
comprising a second reactive group over he substrate 1o react with the first reactive
group 1o form a second portion of the doped carbon-containing film on the
semiconductor surface and on the dielectric surface; remove a second precursor
effiuent comprising the second precursor from the substrate; and anneal the doped
carbon-cortaining film o form an annealed doped carbon-containing layer on the
semiconductor surface and on the diglectric surface.

{00721 Reference throughout this specification io "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 ieast one embodiment of the disclosure. Thus, the
appearances of the phrases such as "in one or more embodiments,” "in cerfain
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. Furthermore, the particular features, structures, materials, or
characteristics may be combined in any suitable manner in one or more embodiments.
{0073} Although the disclosure herein has been described with reference 1o
particular embodiments, #t is to be understood thal these embodiments are merely
Hlustrative of the principles and applications of the present disclosure. | will be

apparent to those skilled in the art that varicus modifications and variations can be
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made o the method and apparatus of the present disclosure without departing from
the spirit and scope of the disclosure. Thus, it is inlended that the present disclosure
include modifications and variations thal are within the scope of the appended claims

and their equivalentis.
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What is claimed is:

1. A method of semiconductor doping, the method comprising:

flowing a first precursor over a substrale comprising a semiconductor surface
and a dielectric surface 1o form a first portion of a doped carbon-containing laver on
the semiconductor surface and on the diglectric surface, the first precursor comprising
a first reactive group;

removing a first precursor effluent comprising the first precursor from the
substrate;

Howing a second precursor comprising one or more of phosphorus (P}, boron
(B), aluminum (Al), arsenic (As), gallium {(Ga), indium (In), or zinc {Zn} over the
subsirate to react with the firsi reactive group o form the doped carbon-containing
layer on the semiconductor surface and on the dieleciric surface; and

removing a second precursor effluent comprising the second precursor from

the subsirate.

2. The method of ¢claim 1, wherein the first precursor has a general formula R'-
{(¥X)n

wherein R comprises ong or more of an alkyl group, an alkenyl group, an
aryl, or aromatic group, and a cycloalkyl group, 0O comprises one or more of g
hydroxide group, an aldehyde group, a ketone group, an acid group, an aming group,
an isocyanate group, a thiocyanate group, and an acyl chioride group, and n is an
integer inarange of rom 1 to 6.

3. The method of claim 1, whergin the first precursor is selected from one or more
terephihaldehyde, phenylenediaming, elhylenediamine, hexamethylenediamine,
terephihaloyl  chloride, 1,3,5-benzenetricarbonyl  Irichloride, and  pyromeliitic
dianhydride.

4, The method of claim 1, wherein the second precursor is selected from one or

more of Tris{dimethylaminoiphosphine, Phogsphorus  irichloride,  Phogphorus(V)
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oxychioride, Tris(hydroxymethyliphosphine, Boron irichioride, Trimethylaluminum,
Tris{dimethylaminojarsine, Trimethylindium, and Diethyizinc.

5, The method of claim 1, further comprising pre-cleaning the semiconductor
surface and the dielectric surface.

8. The method of claim 1, further comprising depositing at least one additional
doped carbon-containing layer on the doped carbon-containing layer.

7. The method of claim 1, wherein removing the first precursor comprises:
flowing a purge gas over the substrate; and
removing a mixture of the first precursor effluent and the purge gas from

the substrate.

8. The method of claim 7, wherein the purge gas is selected from argon (An),
helium (He), and nitrogen (Nz).

9. The method of claim 1, further comprising annealing the doped carbon-
containing layer at a temperature in a range of from 400 °C to 1200 °C.

10.  The method of claim 9, whersin the doped carbon-containing layer is anngaled
at a temperature in a range of from 600 °C to 800 °C.

t1. The method of claim 1, further comprising exposing the doped carbon-
containing laver 1o a plasma treatment o remove the doped carbon-containing

layer from the semiconductor surface and from the dielectric surface.

12, The method of claim 1, further comprising efching the doped carbon-containing
layer at an untargeted area.

13. A method of semiconductor doping, the method comprising:
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Howing a first precursor over a substrate comprising 3 semiconductor surface
and a dielectric surface, the first precursor having a general formula R'-{0n

wherein R’ comprises one or more of alkyl group, an alkeny
qroup, an aryl, or aromatic group, and a cycloalkyl group, X. comprises
one or more of a hydroxide group, an aldehvde group, a ketone group, an
acid group, an amino group, an isocyanate group, a thiocyanate group,
and an acyl chiloride group, and n is an infeger in a range of from 1 {0 6,

wherein the first precursor reacis with a reactive group on one or
more of the semiconductor surtace and the dielectric surface fo form a
first portion of a doped carbon-containing layer on one or more of the
semiconductor surface and the dieleclric surface;

removing a first precursor effluent comprising the first precursor from the
substrate;

Howing a second precursor over fhe subsirale, the second precursor
comprising one or more of phosphorus (P}, boron (B), aluminum (Al), arsenic (As),
gallium {Ga}, indium {In), and zinc {(Zn},

wherein the second precursor reacts with the first portion 1o form
a doped carbon-coniaining layer; and
removing a second precursor effluent comprising the second precursor from

the substrate.

14. The method of claim 13, wherein the first precursor and the second precursor
are independently selecied from one or more of terephthaldehyde, phenylenediamine,
sthylenediamine, hexamethyienediamine, terephthaloyt chioride, 1,3,5-
benzenetricarbony! trichloride, pyromellitic dianhydride, tris{(dimethylamino)phosphine,
phosphorus irichloride, phosphorus{V) oxychloride, iris(thydroxymethyhphosphine,
boron trichioride, trimethylgluminum, tris{dimethylaminojarsine, ifrimethylindium, and

digthyizine.

15, The method of claim 13, further comprising pre-cleaning one or more of the

semiconductor surface and the dieleciric surface,
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16. The method of claim 13, further comprising depositing at least one additional
doped carbon-comntaining layer on the doped carbon-containing layer.

17.  The method of claim 13, wherein removing the first precursor comprises:
5 fiowing a purge gas over the substrate; and
removing a mixture of the first precursor effluent and the purge gas from

the subsirate.

18. The method of claim 17, wherein the purge gas is selected from argon (Ar),
10 helium (He), and nitrogen (Na}.

19.  The method of claim 13, further comprising annealing the doped carbon-
cortaining laver at a temperature in a range of from 400 °C fo 1200 °C.

15 20. The method of claim 13, further comprising exposing ithe doped carbon-

containing layer 1o a plasma freatment o remove the doped carbon-containing

fayer from one or more of the semiconductor surtace and the dielectric surface.
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