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OXYGEN AND IODINE-CONTAINING HYDROFLUOROCARBON COMPOUND FOR
ETCHING SEMICONDUCTOR STRUCTURES

Cross Reference o Related Applications
[0001]  This application claims the benefit of priority under 38 US.C. § 118 (a) and (b) fo
.S, Patent Application No. 17/5855,084, filed December 17, 2021, the entire conients of
which are incorporated herein by reference.

Technical Field
[6002] The present invention is related to methods of eiching a silicon-containing film o
form a patterned structure, in particular, to the methods of using oxygen and icdine-
containing compounds 1o sich the silicon-containing film over a patltermed mask layer to
form the patterned structure, wherein the oxygen and iodine-containing compounds have
the formula CiHF 06, wherein 0sn <10, 0sx<21, 0sy 21, 1sz2sdand1ses2,
so that the patterned mask layer is reinforced, strengthened, or minimized damages by
doping ioding from ioding ions produced from the activated oxygen and iodine-containing

etching compound into the patierned mask layer.

Background

[8003] in semiconductor industries, for 3D NAND, etching of stacks of multiple SiO/SiN
or SiOfpoly-Silicon {p-Si) layers is critical.  See, e.g., US 2011/0180841 to Samsung
Electronics Co., Lid. An etchant having high selectivity between the mask and layers being
etched is essential. Furthermore, the elched structure should have a straight vertical profile
without bowing and low line etch roughness (LER).

[6004] Standard hydrofluorocarbon used to eich silicon oxide are ¢CaFs, CaFs combined
with an oxidizer {e.g., O2) and a noble gas (e.g., Ar, Kr, Xe}. For Silicon nitride etch usually
the above listed gases are mixed with hydrogen containing fluorocarbons, such as CHF»,
CHFs, CHaF, or the like.

[8005] However, traditional etch chemistries may not be able to provide a feature, such
as a hole or trench, having an aspect ratio higher than 20:1, which is necessary in the newer
applications (g.g., 3D NAND), at least due to insufficient etch resistant polymer deposition
on sidewalls during the plasma etching processes. The sidewall -C.F,- polymers, wherein
x ranges from 0.01 to 1 and y ranges from 0.01 {0 4, may be susceptible {0 elching. As a

result, the etched patterns may not be vertical and the eich struciures may show bowing,
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change in dimensions, patiern collapse andfor increased roughness.

[o006] Bowing may result from sidewall etching of the mask layer, which may often be
an amorphous carbon (a-C) material. The a-C materials may be etched by oxygen radicals
in the plasma which may cause increased opening of the mask and result in bow-iike, or
angledfcurved, stch structures.

[8007] Carbonyl-containing compounds have been used as eiching gases for stch back
andfor decomposition of the carbonyi-containing compounds has been disclosed.
JP3291885 BZ to Y. Toshiharu discloses a dry etching method in which a connecting hole
is buried with good flainess by efching back a blanket CVD tungsten layer using carbonyl
fluoride compound gases, such as COF,, COFCI, COFBr, COFI and (COF),. Furthermaore,
F-basad gases, such as SFs, NFj, CFy, CiFs, XeF,, Fp, elc. are used as general gases for
F sources. US 2006/0140836 A1 to O. Masakazuifco discloses a process for decomposing
fluorine compounds having iodine within the molecules and rendering them harmiess. The
fluorine compounds include compounds such as C2Fsl0 and CaFa00. WO 2008/019219 to
Uenveren et al. discloses elching method of SIO: for self-aligned contact using
hydrofiuorocarbons. Although CsFslO is listed, Oxygen is a terminal oxygen attached to
carbon and no any supporting siching examples are disclosed.

[6008] it is important 1o minimize bowing, CD variations (top versus bottom), twisting,
incomplete etch, to maximize selectivity to hardmask and ¢ achieve high aspeciratio {i.e.,
up to 200:1) neaded for current applications {e.g., contact etch or 3D NAND). Additionally,
gtching today has not been limited o selectivity to the photoresist mask. It is equally
important to get high selectivity among other materials such as a-C, SIN, p-Si, 3iC or other
forms of Si,CpOMHaNe materials (where a>0; b, ¢, d and & z0).

[8009] Thus, a need remaing for etch gas compositions suitable for use in plasma
atching applications which maintain selectivity and high aspect ratios for a wide range of
process conditions.

Summary

0010} There is disclosed a method for forming a pattemed siructure, the method comprising
ihe steps of

aj infroducing a vapor of an oxygen and iodine-containing etching compound into
a reaction chamber that containg a substrate, the substrate having a silicon-containing film
depositad thereon and a patterned mask layer deposited on the silicon-containing layer,

wherein the oxygen and iodine-containing eiching compound has the formula
CoHFl O, wherein 0 sn< 10, 03sx <21, 0sys21, 1szsdand1ses 2
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) activating a plasma o produce an activated oxygen and iodine-containing
gtching compound; and

) allowing an etching reaction {0 proceead between the activated oxygen and
iodine-containing stching compound and the silicon-containing film fo selectively etch the
silicon-containing film from the pattemed mask layer, thereby forming the pattemed struchure,

The disclosed methods may include one or more of the following aspecis:

+ the step ©) comprising the step of modifying the patterned mask layer or doping iodine
from iodine ions produced from the activated oxygen and iodine-containing siching
compound into the patlerned mask layer,

¢ the stap ¢} comprising the step of modifying the pattemed mask layer;

s the step ¢) comprising the step of. doping ioding from iodine ions produced from the
activated oxygen and jodine-containing etching compound into the patlemned mask
layer;

¢ the step o) comprising the step of: reinforcing the pattermned mask layer or doping iodine
from iodine ions produced from the activated oxygen and iodine-containing etching
compound into the patterned mask layer;

= the step ¢ comprising the step of strengthening the pattemed mask layer or doping
iodine from jodine ions produced from the aclivated oxygen and iodine-containing
gtching compound into the patiernad mask layer,

s the step ¢) comprising the step of minimizing damage of the patierned mask layer or
doping iodine from iodine ions produced from the activated oxygen and iodine-
containing etching compound into the patlerned mask layer;

« the step ¢) comprising the step of increasing sich resistance of the patterned mask
layer or doping iodine from iodine ions produced from the activated oxygen and iodine-
containing etching compound inte the patterned mask layer,

s the step ¢) comprising the step of increasing the etch selectivity towards the underlying
layer of the substrate while forming the patierned structure in the subsirate;

« further comprising the step of introducing an inert gas into the reaction chamber;

= the inert gas being selected from the group consisting of He, Ar, Xe, Kr, Ne and Ny,

e the inert gas being Ar,

«  mixing the oxygen and iodine-containing etching compound and the inert gas prior o
introduction to the chamber o produce a mixiure;

= introducing the oxygen and iodine-containing setching compound separately from the inert
gas,

¢ infroducing the inert gas continuously and introducing the oxygen and inding-containing
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giching compound in puises,

the inart gas comprising approximately 0.019% viv to approximately 98.9% viv of a total volume of
the vapor of the oxygen and ioding-containing etching compound and inert gas;

the inert gas comprising approxdmately 80% viv to approximately 898% viv of a total volume of the
vapor of the oxygen and joding-containing etching compound and inert gas;

further optionally comprising the step of introducing an oxidizer into the reaction
chamber;

the oxidizer being selected from Op, O, CO, CO,, NUO, N2O, NO», Hz0, H02 COS, SO;
and combinations thereof,

the oxidizer being Oz,

the oxidizer being Os;

miking the oxygen and icdine-containing efching compound and the oxygen

containing gas prior fo infroduction o the chamber to produce a mixdiure;

introducing the oxygen and iodine-containing etching compound separately from the
oxygan containing gas;

introducing the oxygen containing gas continuously and infroducing the oxygen and
ioding-containing etching compound;

the oxygen containing gas comprising approximately 0.01% viv to approxdimately 99.8% viv of a
fotal volume of the oxygen and iodine-containing stching compound and oxygen
containing gas;

the oxygen containing gas comprising approximately 0.01% viv 1o approximately 10% viv of a
total volume of the oxygen and iodine-containing etching compound and oxygen
containing gas;

the oxygen and iodine-containing etching compound being a hydrofluorocarbon
compound;

the oxygen and iodine-containing efching compound being an oxygen and icdine-
containing hydrofluorocarbon;

the oxygen and iodine-containing eiching compound being an organcflucrine compound;
the oxygen and jodine-containing etching compound being 2 fluorine-containing
hydrocarbon compound;

the oxygen and iodine-containing stching compound heing a fluorocarbon compound;
the oxygen and iodine-containing efching compound containing no hydroger,

the oxygen and icdine-containing etching compound containing hydrogen;

the oxygen and iodine-containing stching compound containing fluorine;
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the oxygen and iodine-containing stching compound containing no fluorine;

the oxygen and iodine-containing siching compound being CaF710 and its isomers;

the oxygen and iodine-containing etching compound being CiF70, Z-lcdo-1-
{rifiuoromathoxy etraftuoreethans (CAS No.: 1561-52-0);

the oxygen and iedine-containing etehing compound being CaFAO, 11,1, 24etrafluore-
2-odoe-2-(Influcromeathoxyethane (CAS No.: 138804-89-0);

the oxygen and iedine-containing etehing compound being CsFAO, 1,2.2, 2-tetrafluorc-
1-triflucromethoxy-1-icdoethane {CAS No. 69066-98-4);
heptafluorc-3-iodosyl-propane {CAS No.: 180613-10-8);

the oxygen and iodine-containing etching compound being CaFsl0, CsFslaQ, CaFalsD
and their isomers;

the oxygen and iodine-containing etching compound being CaFA0, CaFsl0, CaFsi0,
CaFalaQ, CaFlO, CaFela0, CuaFr:0, CaFalsD, CaFnlO, CaFwla0, CaFulsQ, CsFsls,
CeF13l0, CsF 12120, CaF 11120, CaF10laD, CrFsl0, CiF14l0, CiF 0, C7F 12140, CeF 1710,
CoFiel20, CsFisla0, CaFaleQ, CoFl0, CoFishQ, CoF 70, CsFislaQ, CioFailC,
CioF20iz0, CioF10ia0, CioF 16140 and their isomers;

the oxygen and iodine-containing etching compound being CaFelOQ, CaFelC, CsFilO,
CeF 10O, CeF 120, CiF1sl0, CoF 1710, CoF1elQ, C1oF 10, and theirs isomers;

the oxygen and iodine-containing etching compound being CsHFsIO, CsHFsL0,
CaHF 40, CaHFLO, CHFI0, CHFLO, CHFel0, CiHF L0, GsHF IO, CsHF L0,
CsHFsla0, CsHF71a0Q, CaMF 12l CeHF 14120, CaHFola0, CeMFslal, CrHF 11O, CrHF 1210,
CiHFalaQ,  CoHF D, CaHF6l0, CahFishO, CeHFwlhO, CsHF 16O, CoHFs10,
CoHF 1710, CeHF 1610, CeHF 15140, CioHF 2010, CioHF 12120, CioHF 130, CioHF 71,0 and
their isomers;

the plasma aclivated the oxygen and ioding-containing etching compound reacting with the
silicon-containing film to form volatile by-products;

the volatile by-products being removed from the reaction chamber;

the silicon-containing film comprising oxwgen, nitrogen, carbon, hydrogen, carbon or combinations
thereof

the silicon-containing film optionally containing dopants such as B, C, P, As Ga, In,
Sn, Sb, Bi andfor Ge, or combinations thersof;

the silicon-containing film comprising a layer of silicon oxide {8i0), silicon nitride (SN},
crystalline Si, poly-silicon (p-3i), polycrystalline silicon, amorphous silicon, low-k SICOH,
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SIOCN, SIC, SION, 8i,0uHLCaNe, where a>0; b, ¢, d and e 2 0, alternating Si0 and SiN
(ONONj layers, or alternating SIO and p-3i (OPOP) layers;

the siicon-containing fim being SIGANHCy, whersin x ranges from O o 2, v ranges from
O1o 4, zranges from G o about 1 and krangas from 0o 1,

the silicon-containing film comprising a SIO layer;

the silicon-containing film being a SiN layer,

the slficorn-containing im comprising alternating SIC and SIN {ONON) layers;

the sificorn-containing fiilm comprising alternating SIO and p-Si (OPOP) layers;

the patierned mask layer being an amorphous carbon layer, a doped amorphous carbon
layer, a photoresist layer, an anti-reflective layer, an organic planarization layer or
combinations therasof,

the patierned mask layer being a layer of CVD, PECVD, ALD, PEALD or spin on
deposited (S0D) amorphous carbon or doped amorphous carbon, silicon-containing
spin on mask, or carbon-containing spin on mask;

the patterned mask layer being an amorphous carbon (a-C) layer,

the patterned mask layer being a doped carbon layer,

the doped amorphous carbon layer being a boron-doped a-C layer;

the doped amorphous carbon layer being a tungsten-doped a-C layer,

the altemating layers being salactively etched from the patterned mask layer;

the alternating layers being seleclively elched from an a-C layer,

the alternating layers being selectively siched from a doped carbon layer,

the alternating lavers of silicon oxide and silicon nitride being selectively etched from
an a-C layar;

the alternating layers of silicon oxide and silicon nitride being selectively eiched from a
doped carbon layer,

the alternating layers of silicon oxide and polysilicon being selectively etched from an
a-C layer,

the alternating layers of silicon oxide and polysilicon being selectively eiched from a
doped carbon layer,

the siticon oxide layer being selectively etched from the patierned mask layer;

the silicon oxide layer being selectively etched from an a-C layer,

the silicon oxide layer being seleclively etched from a doped carbon layer;

the sificon nitride layer being selectively eichad from the pattermned mask layer,;

the silicon nitride layer being selectively siched from an a-C layer,
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the silicon nitride layer being selectively etched from a doped carbon layer;

the polysilicon layer being seleclivaly etched from the patterned mask layer,

the polysilicon layer being selectively etched from an a-C layer;

the polysiticon tayer being seleclively etched from a doped carbon layer;

the silicon-containing film being selectively etched from an a-C layer, a doped a-C layer,
a photoresist layer, an antireflective layer or organic planarization layer;

the silicon oxide layer being selectively etched from an a-C laver, a doped a-C layer, a
photoresist layer, an anti-refiective layer or organic planarization layer;

the oxygen and iodine-containing etching compound etching both the silicon oxide laver
and the silicon nitride layer with high etch rates;

the oxygen and ioding-containing etching compound plasma etching the alternating SIO
and 3iN (ONON) layers having a selectivity between about 1:2 to about 2:1 with respect
to the SIO layer versus SiN layer,

the oxygen and iodine-containing etching compound plasma siching the alternating Si0
and SiN {ONON) layers having a selectivity of approximately 1.1 with respect to the SIi0O
layer versus SiN layer;

the oxygen and iodine-containing etching compound plasma eiching the alternating SiC
and p-Si {OPOP) layers having a selectivily between about 1.2 to about 2:1 with respect
to the Si0 layer versus p-Si layer,

the oxygen and ioding-containing etching compound plasma stching the alternating SIO
and p-8i (OPOP) layers having a selectivity of approximately 1.1 with respect to the Si0O
layer versus p-Si layer;

a selectivity of the oxygen and iodine-containing etching compound plasma efching SiQ»
aver the pattemed mask layer being approximately 70% higher than the selectivity of a
benchmark gas CsFs eiching Si0, over the patterned mask layer with similar efch rates;
the patterned mask layer being a carbon-containing laver, an amorphous carbon layer, a
doped amorphous carbon layer, a photoresist layer, an anti-reflective layer, an organic
planarization layer, or combinations thereof,

the activated oxygen and iodine-containing etching compound selectively eiching the
sificon-containing film from a landing layer located at the bottom of the silicon-containing
film to be etched;

the landing layer being a buried landing layer located at the bottom of the structure {o
be siched;

the landing layer being an etching stop layer;
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the landing layer being a silicon layer,

the landing layer being a metal layer;

the landing layer being a tungsten metal word-line in a 3D NAND structure and/or
another metal such as W, Cu, Al, Ru, Pt Ti, Ta, Ni, Co, Mo, Mn, Nb, Cr, Rh, Pd, Ir, V,
Au, Ag or combinations thereof,

the landing layer being a metal layer selected from W, Cu, Al Ru, PL T Ta, Ni, Co, Mo,
Mn, Nb, Cr, Rh, Pd, Ir, V, Ay, Ag, or combinations thersof,

the landing layer being a metal oxide or metal nitride laver;

the landing layer being a metal oxide layer selected from AIO, WO, HQ, TiO, Tal, InC,
WO, CrO, RuQ, CoC, Mo, ZrQ, 5nC, or combinations therect,

the landing layer being a metal nitride layer selected from TiN, TaN, HIN, AIN, WN, MoN,
NiN, NbN, CriN, RuN, CoN, ZrN, SriN or combinations thersof;

the substrate being a St wafer;

the substrate being a crystaliine silicon layer;

forming the patterned structure;

the patterned structure being 30 NAND apertures;

the patterned structure being contact holes;

the patierned structure being 3D NAND contact holes;

the patfterned structure being DRAM contact;

the patterned structure beaing channel holes;

the patierned structure being 30 NAND channel holes;

the patterned structure being 3D NAND slit contact;

the aperture being staircase contacts;

the aperiure being self-aligned contact;

the aperture being self-aligned vias;

the aperture being super vias;

further comprising introducing an additional etch gas into the reaction chamber,

the additional etch gas being selecied from the group consisting of cCsFs, CaFs, ¢CsFs,
CsFs, CaFs, CFa, CHaF, CFsH, CHaFa, CaHFy CsFe, CaaFs, CaHaFa, CaMaFs, CiHF7,
CsHg, CaFs, CaFs, CFal, CoFsl, CoFsl, CiF4t | 1-lodoheptafiucropropane (1-CsF4l), 2-
lodoheptafiuoropropane (2-CaFqd), CaFel, CaHFy, COS, FNO, F-C2N, C8,, S0, &Fs,
trans-1,1,1.4,4,4-hexafluore-2-butene  {frans-CstHaFe),  ¢is-1,1,1.4.4, 4-hexafiucro-2-
butene {(cis-CaHaFs), hexaflucroischutens {CaHoFs), trans-1,1,2,2,3,4-
hexafiuorocyclobutane  (frans-CiHaFs),  1,1.2,2 3-pentaffuorocyciobutane  (CaHaFs),
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1,12 2-tetrafluorocyciobutane  (CiHeFs), and cis-1,1,2,2,3 4-hexafluorccyclobutane
(cis-CaHiFs), or combinations thereof;

« introducing the oxygen and iodine-containing elching compound separately from the
additional etch gas;

«  gdding approdmately 0.01% viv o appraddmately 88.99% viv of the additional etch gas to the
oxygen and iodine-containing etching compound;

= the patterned structure formed in the silicon-containing film having an aspect ratio
between approximately 1.1 and approximately 200:1;

= g doping concentration of lodine being increase from 0.1 10 89.9% through the deposited
film;

+ activating the piasma by applying RF power;

« acivaling the plasma by a RF power ranging from approximately 25 W to approximately
100,000 W

+ eiching pressure ranging from approximately 1 mTor e 10 Tor,

e elching pressure being 30 mTorr,

s introducing the iodine-containing etching compound at a flow rate ranging from
approximately 0.1 scom o approximately 1 shm; and

s maintaining the substrate at a lemperature ranging fom approximately -186°C to approximately
500°C.

[0011] There is disclosed a method for forming a pattemed structure, the method comprising the

steps of

aj introducing a vapor of CsF/I0 into a reaction chamber that contains a
substrate, the substrate having a silicon-containing film deposited thereon and the
patterned mask layer deposited on the silicon-containing layer,

b} activating a plasma to produce an activated CsF710; and

C) allowing an eiching reaction to proceed between the activated Ci3F-10 and
the silicon-containing film to selectively etch the silicon-containing film from the patterned
mask [ayer, thereby forming the patterned structure. The disclosed methods may include one
or more of the following aspects:

e the stap ¢} comprising the step of modifying the patterned mask laver by doping iodine
from iodineg ions produced from the aclivated oxygen and iodine-containing etching
compound into the patterned mask layer,

+ the step o} comprising the step of modifying the patlerned mask layer,

« the step ¢) comprising the step of. doping icdine from iodine ions produced from the
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activated oxygen and iodine-containing etching compound into the patierned mask
layer;
+ g doping concentration of loding being increase from €.1 1o 99.9% through the deposited
fitm; and
= g selectivity of the oxygen and iodine-containing efching compound plasma etching SiO»
over the patiernad mask fayer being approximately 70% higher than the selectivity of a
benchmark gas Cs4Fs efching SiO2 over the patterned mask layer with similar efch rates.
[0012] There is disclosed a method of modifying the surface of a substrate, the method
comprising:
introducing a vapor of an oxygen and icdine-containing etching compound into a
reaction chamber that containsg the substrate, the substrate having a silicon-containing film
depositad thereon and the patlernad mask layer deposited on the silicon-containing layer,
wherein the axygen and iodine-containing etching compound has the formuia CaHF G,
wherein4 sn=<10,0sxs21, 0sy<21,1szsd4andi1se=<2 and
etching the silicon-containing film from the patterned mask layer to form a patterned
structurs using an aclivated oxygen and iodine-containing etching compound formed by
activating a plasma,
wherein ioding from iodine ions produced from the aclivated oxygen and icdine-
containing efching compound are doped into the patterned hardmask layer while forming
the patterned structure in the substrate, thereby strengthening the patterned mask layer
and minimizing damage of the patternad mask. The disclosed methods may include one or
more of the following aspects:
= the oxygen and iodine-containing stching compound being CsF710 and its isamers;
+ g doping concentration of loding being increase from 0.1 10 99.9% through the deposited
film; and
= g seleclivity of the oxygen and iodine-containing etching compound plasma etching Si0;
over the patiernaed mask layer being approximately 70% higher than the seleciivity of a
benchmark gas CsFs etching SiO: over the patterned mask layer with similar etch rates.

MNotation and Nomenciature
[8013] The foliowing detailed description and claims utilize a number of abbreviations,
symbols, and terms, which are generally well known in the art, and include:
[8014] As used herein, the indefinite article "a” or "an” means oneg or more.
[8015] As used herein, "about” or "arcund” or “approximately” in the text or in a claim
means +10% of the value stated.

10
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[6018] As used herein, ‘room temperature” in the taxt or in a claim means from
approximately 20°C o approximatsly 25°C.

[6017] The term “ambient temperature” refers o an environment temperature
approximately 20°C to approximatsly 25°C.

[6018] The term “substrate” refers {0 a material or materials on which a process is
conducted. The substrate may refer to a wafer having a malerial or materials on which a
process is conducted. The substrates may be any suitable wafer used in semiconductor,
photovoltaic, flat panel, or liquid-crysial display-thin-film transistor (LCD-TFT) device
manufacturing. The subsirale may also have one or more layers of differing materials
already deposited upon it from a pravious manufaciuring step. For example, the wafers may
include silicon iayers {(e.g., crystaliine, amorphous, porous, ete.}, silicon containing layers
{e.g., Si0z, SIN, SION, SIC, SICN, SIOCN, SICOH, etc.), metal containing layers {e.q.,
copper, coball, ruthenium, tungsten, manganese, platinum, palladium, nickel, ruthenium,
gold, etc.} or combinations thereof. Furthermore, the subsirate may be planar or patierned.
The subsirate may be an organic patterned photoresist film. The subsiraie may include
layers of oxides which are used as dielectric materials in MEMS, 3D NAND, MIM, dynamic
random-access memory {DRAM), or FeRam device applications (for example, ZrO; based
materials, HO, based materials, TiC, based materials, rare earth oxide based materials,
ternary oxide based matarials, elc.) or nitride-based films (for example, TaN, TiN, NbN} that
are used as electrodes. One of ordinary skill in the art will recognize that the terms “film” or
“tayer” used herein refer to a thickness of some material laid on or spread over a surface
and that the surface may be a trench or a line. Throughout the specification and claims, the
wafer and any associated layers thereon are referred to as substrates.

[6019] The term "wafer” or “patternad wafer’ refers 10 a wafer having a stack of silicon-
containing films on a substrate and a pattermed hardmask layer on the stack of silicon-
containing films formed for pattern etch.

[6020] The term "pattern efch” or "patlerned eich” refers {o etching & non-planar
structure, such as a patterned mask layer on a stack of silicon-containing films.

(8021} As used herein, the term "efch” or "etching” means o use a plasma to remove
material via ion bombardment, remote plasma, or chemical vapor reaction between the
etching gas and substrate and refers o an isotropic etching process and/or an anisotropic
gtching process. The isotropic etch process involves a chemical reaction betwesn the
gtching compound and the substrate resulting in part of material on the substrate being
removed. This type of etching process includes chemical dry etching, vapor phase chemical
etching, thermal dry etching, or the like. The isotropic efch process produces a lateral or

1
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horizontal etch profile in 8 subsirate. The isotropic etch process produces recesses oF
horizontal recesses on a sidewall of a pre-formed aperture in a substrate. The anisotropic
etch process involves a plasma elching process (ie, a dry etch process) in which ion
bombardment accelerates the chemical reaction in the vertical direction so that vertical
sidewalis are formed along the edges of the masked features at right angles to the substrate
(Manos and Fiamm, Thermal eiching an Introduction, Academic Press, Inc. 1989 pp.12-
13). The plasma eiching process produces g veriical etch profile in a subsirate. The plasma
etching process produces vertical vias, apertures, frenches, channel holes, gate trencheas,
staircase contacts, capacitor holes, contact holes, slit etch, seif-gligned contact, self-aligned
vias, super vias efc., in the substrate,

[0022] The term "mask” refers 10 a layer that resists stching. The mask layer may be
focaied above the layer {o be etched. The mask layer also refers 10 a hardmask layer. A
mask layer can be a carbon-containing layer, a silicon- containing layer, a metal- containing
or metal-oxide or metal-nitride containing layer.

[0023] The term “etch stop” refers o g layer below the layer o be stched that protects
fayers undemeath.

[0024] The term “device channel” refers {0 layers that are part of actual device and any
damage to it will affect device performance.

[0025] The term “aspect ratic” refers to a ratio of the height of a trench {(or via) (o the
widih of the french {or the diameter of the via).

[8028] The term "selectivity” means the ratio of the eich rate of one material to the efch
rate of another material. The term “selective stch” or "selectively etch” means 1o eich one
material more than ancther material, or in other words {0 have a greater or less than 1.1
etch selectivity between two materials.

[6027] The term “independently” when used in the context of describing R groups
should be undersiood to denote that the subject R group is not only independently selected
relative to other R groups bearing the same or different subscripts or superscripts, but is
also independently selected relative (o any additional species of that same R group. For
example in the formula MR (NRZR®) 4., where M is an atom, x is 2 or 3, the two or three
R' groups may, but nesd not be identical to sach other or fo R?or to R*. Further, it should
be understood that uniess specifically stated otherwise, values of R groups are independent
of each other when used in different formulas.

[0028] Note that herein, the terms "film” and "layer” may be used inlerchangeably. i is
understood that a film may corraspond o, or related to a layer, and that the layer may refer
to the film. Furthermore, one of ordinary skill in the art will recognize that the terms “film” or

12
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“layer” used herein refer to a thickness of some material laid on or spread over a surface
and that the surface may range from as large as the entire wafer o as small as a trench or
a line.

[0029) Note that herein, the ferms “eiching compound” and “etching gas” may be used
interchangeably. 1t is understood that an etching compound may correspond (o, or related
{0 an etching gas, and that the etching gas may refer to the etching compound.

[6036] The terms “via”, "aperture”, "trench’, and ‘“hole” are sometimes used
interchangeably, and generally mean an opening in an interlayer insulator,

[6031] As used herein, the abbreviation "NAND" refers t¢ @ "Negated ANE" or "Not
AND" gate; the abbrevigtion "2D" refers 1o 2 dimensional gate structures on a planar
substrate; the abbrevigtion "3D" refers {0 3 dimensional or vertical gate structures, wherein
the gate structures are stacked in the vertical direction.

[0032] The standard abbreviations of the elemenis from the pericdic {able of elements
are used herein. It should be understood that elementis may be referred to by these
abbreviations {e.g., Si refers {o silicon, N refers to nitrogen, O refers to oxygen, C refers to
carbon, H refers {0 hydrogen, F refers to fluorine, efc.).

[6033] The unique chemical abstract service {CAS) registry numbers (e, "CAS"
assigned by the Chemical Abstract Service are provided to help better identify the
molecules disclosed.

[6034] Piease note that the silicon-containing films, such as silicon nitride and silicon
oxide, are listed throughout the specification and claims without reference {0 their proper
stoichiometry. The silicon-containing films may include pure silicon (5i) layers, such as
crystalling Si, poly-silicon (p-8i or palycrystailine 81, or amorphous silicon; silicon nitride
(SN layers; or silicon oxide (SiOn) 1ayers; or mixtures thereof, wherein k, |, m, and n,
inclusively range from 0.1 to 6. Preferably, silicon nitride is SikNj;, where k and | each range
from 0.5 to 1.5, More preferably silicon nitride is SisN4. Preferably silicon oxide is SinOn,
where nranges from 0.5t0 1.5 and mranges from 1.510 3.5. More preferably, silicon oxide
is Si0z. Herein, SIN and SIO in the following description are used o represent SikN; and
ShOn containing layers, respectively.  The silicon-containing film could also be a silicon
oxide based dieleciric material such as organic based or silicon oxide based iow-k dislectric
materials such as the Black Diamond Il or il material by Applied Materials, Inc. with a
formuda of SIOCH. Silicon-containing film may also include Si.0:CcNeHe where a, b, ¢, d,
e range from 0.1 {0 8. The silicon-containing films may also include dopants, such as B, C,
P As Ga, In, Sn, Sb, Bi andfor Ge,

[0035) Ranges may be expressed herein as from about one particular value, andfor 1o
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about another particular value. When such a range is expressed, itis {0 be undersiood that
another embodiment is from the one particular value andior {0 the other particular value,
along with all combinations within said range.

[0038] Reference herein to “one embodiment” or “an embodiment” means that a
particular feature, structure, or characteristic described in connection with the embodiment
may be included in at least one embaodiment of the invention. The appearances of the
phrase "in one embodiment” in varicus places in the specification are not necessarily all
referring o the same embodiment, nor are separate or alternative embodiments necessarily
mutually exclusive of other embodiments. The same gppilies to the ferm “implementation.”

Brief Description of the Drawings
(8037} For a further understanding of the nature and objects of the present inverttion,
reference should be made to the following detailed description, taken in conjunction with
the accomparnying drawings, in which like elements are given the same or analogous
reference numbers and wherein:
FIG. 1a is a cross-sectional side view of exemplary layers in a 3D NAND stack;
FIG. 1b is a cross-sactional side view of the exemplary layers in the 3D NAND stack
showing polymer deposited on a sidewall during etching of the 3D NAND stack;
FiG. 1c is a cross-ssctional side view of the exemplary layers in the 3D NAND stack
showing particles generated during alternating SiO/SIN layer etching of a 3D NAND stack;
FIG. 1d is g cross-seciional side view of the exemplary layers in the 3D NAND stack
showing selective etching of SiN exposed on the sidewall in the 3D NAND stack;
FIG. 2 is a cross-sectional side view of exemplary layers of 3 DRAM stack;
FIG. 3a is a cross-sectional side view of exemplary layers showing photoresist pattern over
Si0 insuiation layer surrounding typical transistor device region (o produce a transistor
structure;
FIG. 3b is a cross-sectional side view of the exemplary layers of FIG. 3a after etching the
SIC insulation layer,
FIG. 4 is eich rates (ER) and selectivity of CsF 0 on four different substrates;
FIG. 8a is the X-ray photoeleciron spectroscopy (XPS) depth profile showing the atomic
concentration (%) vs Ar etch time of an amorphous carbon pattern masks stched by CsF710;
FiG. 8b is zoom in the X-ray photoelectron spectroscopy (XPS) depth profile showing the
atomic concentration (%) vs Ar etch time of an amorphous carbon pattern masks etched by
CsF71Q, highlighting the lodine and Oxygen doping of the mask;
FIG. 8a is the X-ray photoelectron spectroscopy (XPS) denth profile showing the atomic
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concentration (%) vs Ar efch time of silicon subsirate etched by CaF40;

FIG. 8b is zoom in the X-ray photoeleciron spectroscopy (XP3) depth profile showing the
atornic concentration (%) vs Ar etch time of silicon substrate etched by CsF/O, highlighting
the Oxygen doping of the mask;

Fia. 7 is the X-ray photoelectron spectrascopy ((PS) showing the counts per second vs
binding energy (eV) of the Fluorine (F1s) peak vs iodine [3d peak of an amorphous carbon
pattern masks etched by C:F710; and

Fi3. 8 is efch rates (ER) and selectivity of CaFs on four different substrates vs. the oxygen
flow.

Description of Preferred Embodiments

[0038] Disclosed are methods for plasma etching semiconductor structures, such as,
trench, nandlines, nanopillars, channel holes, gaie trenches, contaclts, staircase conlacts,
capacitor holes, contact holes high aspect ratio structures, 30 NAND structure, DRAM
structures, slit trenches, self-aligned contacts, vias, self-gligned vias, super vias efc., in
silicon-containing films. The disclosed methods comprise the steps of i) infroducing a vapor
of an oxygan {alkoxy-containing} and odine-containing siching compound into a reaction
chamber that contains a substrate having a film deposited thereon, wherein a patterned
mask layer is deposited on the film, wherein the oxygen and ioding-containing etching
compound has the formula CaHeFdsCe, wherein02a <10, 0sb <21, 0=2¢s21, 1sd <4,
and 1 < e < 2 and ii) activaling a plasma to produce an aclivated oxygen and iocdine-
containing etching compound capable of etching the film over the patterned mask layer
from the substrate. While etching the film, the patterned mask layer is reinforced or
strengthened by doping icdine from iodine ions produced from the activated oxygen and
iodine-containing etching compound info the patterned mask layer, so that damages to the
patternad mask layer is minimized. Here the film may be a silicon-containing film.

[0039] As shown in the examples that follow, the jodine ion in the disclosed oxygen and
fodine-containing etching compounds dissociates from the compounds at low energies (V)
{i.e., <20 eV). As aresult, Applicants believe that the disclosed stching compounds may
be used in dry plasma eich processes that produce less damage o the underlying
substrates because they may be performed at lower plasma energies. For example, the
disclosed oxygen and icdine-containing eiching compounds may be particularly suitable for
low k etch processes in which damage is a particular concern because lower plasma energy
may produce less damage (o the porous low k material surrounding the seich site. The low
damage to low kK material may be due o the reduced generation of UV photons and F
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radicals given by oxygen and ioding-containing etching compounds. The disclosed oxygen
and ioding-containing etching compounds may also prevent ings of the critical dimension
and decrease low K surface roughness. In addition, molecules with two ioding atoms may
enhance these benefits, increasing the doping level and the preservation of the mask layer
without damaging the undemeath layer,

[8048] fodine (10.5eV) has a lower ionization threshold than Fluorine (17 4eV) and the
inert gases: Ar {15.8eV), Xe (12.1eV), and Kr (14eV). lodine may therefore be more easily
ionized by the plasma than fluorine and iodine-containing etching compound may increase
the plasma density. lodine, being a heavy element (with a mass of 127 amu), may alse
behave similarly to the inert gases (such as Kr, with 88 amu, and Xe, with 131 amu) in the
ptasma and accelerate towards the wafer. During the etch of high aspect ratio structurs, the
energy of the ions getls weaker as they penetrate deeper, therefore many ions cannot reach
the bottom of french. However, lodine ions being heavy may be accelerated toward the
wafers by the voltage applied during the plasma etch process and penatrate deeply allowing
o efch deep pattemn structures with high aspect ratio. Fluoring’s ionization threshold serves
to maintain it as a neutral species. As a resull, flucring typically participates in the eiching
process via chemical reactions. lodine exhibits less chemical reactivity than flucrine and is
ionized and bombards the surface during the plasma etch process. The bond energy for C-
| is also less than the bond energy for C-F, thereby causing the C- bond to more sasily
break in the plasma compared to C-F bonds. Thus, iodine ions may easily be doped into &-
C mask igyer. Since ioding is g heavy alement that makes i easier lo implant and panetrale
daaply in the mask layer than lighter alements. In addition, due to the weakness of the C-
bond and the fact that lodine ionization threshold is low, the iodine containing etching
compound have a low 10 negligible atmospheric lifetime making them good candidates to
reduce the global warming potential (GWF) caused by perflucrocarbon compounds. The
average bond energies of various bonds are listed in Table 1 (from Huhesy et al,, Inorganic
Chermnistry, 4th ed. (1983).

Tabie 1
Bond Average Bond Energies (kd/mal)
G- 213
H-f 295
C-C 348
C-0O 3568
C-H 413
C-F 485
C=0 749
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(0041} The ioding ion dissociates from the disclosed eiching compounds atlow eVs (ie.,
<20 eV), referring to the Comparative Example below. However, iodine ion implantation into
the mask feature, such as the surface and/or the body/bulk is likely. This implantation may
heip to strengthen, minimize the damage, increase etch resistance of the mask feature and
help it maintain its shape and profile during the etching process. As shown in the examples
that foliow, after using the disclosed oxygen and ioding-cortaining eich compound the
composition of the pattern mask is modified. Applicants believe that the iodine ions modify
the surface and incorporate info the bulk of the pattern mask layer by increasing the
crosslinking with the organic mask layer (such as amorphous carbon mask). Due {o the
doping of the iodine ions and the crosslinking among carbon, iodine, hydrogen and fluoring
atoms, and preferably between carbon and ioding, the density of the patlern mask iayer
increases, making the pattern mask layer stronger. In the examples that follow the
strengthening effect and the eich resistance improvement due o the iodine ions have been
proved by showing that the stching rate of the patiern mask layer is lower when etched by
iadine-containing etching compound than when is eichead by the traditional etching gases,
such as c¢CsFg and CsFs.
[0042] The most important point of this invention is the understanding of the effect of
iodine on the amorphous carbon. lodine helps preserving the a-C mask while efching, by
surface modifying and doping the a-C layer. And it helps minimize the damage by
strengthening the pattern mask layver. During a plasma process, the disclosed iodine-
containing gases or Precursors may be generated into the following forms: 1) iodine ion (17,
I); 2) indine radical (I+); 3) iodine-containing polymeric ion (*CuHylFeQe, "CiHyLFaQOe; and 4)
iodine-containing polymeric radicals {(*C,H,FOe). The above mentioned iodine-containing
spacies may be deposited onto the carbon-containing laver through a control of hias power.
in addition, these chemical forms will deposit as a polymer layer that could enhance EUV
absorption of layer during a patterning process. [odine ions and radicals could be doped
into carbon matrix o enhance EUV absorption of layer during paiterning process such as
resist less lithography. Such formed iodine-containing polymer and/or iodine-dopead carbon
layer may be utilized {o increase the efch selectivity to towards the etched layer, such a
silicon-containing layer.
[0043] The disclosed oxygen and iodine-containing etching compounds have the
formula

CaloFclaQe,
whergin0=sa<10,0sb <21, 021, 1sds4, andises

[0044) When the disclosed oxygen and iodine-containing etching compounds contain
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one oxygen (e, e = 1), the disclosed oxygen and ioding-coniaining siching compounds
have the formula

CaHuF la,
wherein 0 s a<10, 0sb 21 0<c521 154354, wherein the oxygen connecis fwo
carbons being a bridge between two carbons.
[8045] When the disclosed oxygen and iodine-containing etching compounds contain
no hydrogen {L.e., b = 0}, the disclosed oxygen and iodine-containing etching compounds
have the formula

CaFolyQs,
wherein0<a<10,0scs21, 1sdsdand 1 e <2 Inthiscase, whena = 3, the disclosed
oxygen and odine-containing elching compounds have the formula CsFcleQ,, wherein 1 5
dsd cs10~dand 1 2e s 2 BExemplary Cs oxygen and iodine-containing etching
compounds without containing H include CaFAD, CaFelz0, CiFsl0, CaFaleQ and their
isomers,
[0048] Exemplary disclosed oxygen and iodine-coniaining efching compounds without
containing H include CsFAO, CaFalaQ, CaFslsQ, CaFalsD, CaF 6O, CaFsloQ, CiF7h0, CyaFals0,
CsF 0, CsF i, CsFelaD, CsFalal, CaFslO, CaFialal, CeFiilsD, CeFiola0, CiFslC,
CiF a0, CiF a0, CiF12L0, CaFirlO, CaF a0, CaF1aha0, CeF 140, CoF 1O, CoF1sl0,
CeF 17120, CoF1slaQ, CioFailO, CroF20l20, CioF1el20, CioF 1810 and their isomers. Here the
oxygen connects two carbons being a bridge between the two carbons.
(0047} Exemplary disclosed oxygen and iodine-containing etching compounds having
one oxygen and one ioding without containing H having a general formula: CaF2:+:10, whereg
0 s as= 10, are listed in Table 2. These molecules are commaercially available or may be
synthesized by methods known in the arl. Their structure formula, CAS numbers and boiling
points are included in Table 2. The disciosed oxygen and iodine-containing etching
compounds without containing H having a general formula: CaF 2,410, where 3 £ a £ 10,
may also include their isomers. More specifically, oxygen connects two carbons being a
bridge between the two carbons.

Table 2
CAS Boiling
Etching compounds Formula | Structure point
number °C)
2-ipdo-1- 1561-52- 47 5
{triflucromethoxytetrafluorcsthans CabrlO 0
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1,41, 2-tetrafiuoro-2-jodo-2- CLEAO 138604~ 43-44
{trifluoromathoxy)ethane o 89-0
1,2,2,2-tetrafiuoro-1-trifluoromethoxy-1- CaFqAO 89066-
iodoethane 98-4

, 180613
1,1,1,2,2,3 3-heptafivore-3-iadosyl-propane | GaFr0 10-0
1,1.1,2,2-pentafluoro-2-(1,1,2, 2-4tetraflucro- | 0,710 1024614- | ~gp
Z-indoathoxysthane 72-9
1,1,1,2,3,3,3-heptafiuoro-2-(1,1,2,2- CeFrlO 16005- 88
tetrafiuore-2-iodoethoxy)propans . 38-2
1,1,1,2,2,3,3-heptatiuoro-3-(1,2,2 2- CoFrilO 7432 | gg
tetrafiuore-1-iodosthoxy)propane 46-2
£1,1,2,3,3 3-heptafiuore-2-(1,1,2,3,3,3- CeF1alO 18005- 1 <428
hexafluors-2-udoprapoxy)propans 45-1
1-icdo-4- e o
(heptafluoroisopropoxyoctafiucrobutans CrF1slO 40-43

CeF 4710 ~166
1-icdo-6-
(heptafluoroisopropoxy)perflucrohexane CoF 1010 189
CioFiC

ROQOBNIOXY I (W)

The sign ~ means value pradicted by SciFinder website

[6048] The disclosed oxygen and ioding-containing etching compounds are suitable for

gtching silicon-containing films that include a layer of silicon oxide (SIO), silicon nitride

(SN}, pure silicon (Si) such as crystailine Si, poly-silicon {p-3i or polycrystalline i), or
amorphous silicon, low-k SICOH, SICCN, SIC, SION, SLOHC N, where a>0; b, ¢, d and
g z 0, or combinations thereof. The silicon-containing film may also include silicon oxide

and silicon nitride alternating layers (ONON) or silicon oxide and poly-silicon alternating

layers (OPOP). The silicon-containing films may also include dopants, such as B, C, P, As

Ga, In, 8n, Sh, Bi andfor Ge.
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[0048]) The etch rates of S0 and SIN may be enhanced while maintaining high
selectivity 1o the mask laver when the disclosed oxygen and ioding-containing etching
compounds include H, but are not limited to. The disclosed oxygen and iodine-containing
atching compounds having one H when b=1 have the formula CoHF Je0e, wherein 3 sa
10,05¢520, 1sds4 andy+z<2n+t and 1 S8 52, Exemplary compounds having
one H include CiHF6IO, CsHFsl0, CaHF0, CaHF:LO, CiHFE0, CHFAO0, CHF6l:0,
CaHFs140, CeHF10lO, CsHFolz0, CeHFehhO, CeHF70, CeHF2i0, CeHF10, CaHFola(,
ColFslaQ, CrHF 140, CoHF 310, CrHF 200, CrHF 1410, CeHF 6l O, CaHF 1510, CaHF 1450,
CsHF0ld0, CeHF6l0, CoHF 10, CoHFislsO, CeHF 0,  CioHFlO,  CioHF b0,
CioHF 15130, CroHF 71,0 and their isomers.

[0050] The disclosed oxygen and iodine-containing eiching compounds having two
hydrogens when b=2 have the formula CaHoFcheOe, wherein 352810, 0s¢c518, 1sd s
4 andc+d=s2nand 1 ses 2 Exemplary compounds include

[6051] The disclosed oxygen and iodine-containing etching compounds having three
hydrogens when b=3 have the formula C.HsFdeOe, wherein 35a<10,02¢<19, 1sd =
4 andec+dsZ2n-fandi1ses2

[0052] The disclosed oxygen and iodine-containing etching compounds having four
hydrogens when b=4 have the formula C.HaFleQOe, wherein 35210, 05¢518, 1sd s
4 andec+dsZndandises2

[6053] Applicants believe that the molecules having 3 or more than 3 carbon atoms may
provide better efch rate and sidewall protection, .q., straight profile, no bowing, no tapering,
no twisting, no incomplete efch, no variation of critical dimension from {op o bottom of the
structure etched, during the eiching process than less than 3 carbon molecules. Applicants
believe that the molecules having 4 or more than 4 carbon atoms may also provide a
straighter profile, without bowing, {apering, twisting and incompleie etch, or variation of
critical dimension from top {0 botiom of the struciure etched than less than 4 carbon
molecules. For sidewall protection, the carbon =z 3 molecules are preferred because
Applicants believe they will produce thicker passivation layers.

[0054] The disclosed oxygen and iodine-containing efching compounds may provide
high selectivity to mask layers, photoresist, efch stop layers and device channel materials
and no profile distortion in high aspect ratic structures (HAR), such as those having an
aspeact ratio ranging from 1:1 {o 200:1 such as DRAM and 30 NAND memories and logic
structures.  Alternatively, the disclosed oxygen and ioding-containing etching compounds
may provide high selectivity {o mask layers or silicon-containing film, such as thosa having
an aspect ratio ranging from 1:1 to 200:1 in contact etch applications.
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[0055] The disclosed oxygen and iodine-containing eiching compounds may provide
infinite selectivity for wide process conditions of etching. Herein the selectivity refers to the
etching rate ratio of two different layers. For example, the selectivity for SiO layer vs. a-C
layer is the eich rate of the SI0 divided by the etching rate of the a-C layer. The disclosed
oxygen and iodine-confaining siching compounds may provide improved sselectivity
between the silicon-containing films and mask materials, less damage to channel region,
improved critical dimension uniformity and reduced profile distortion such a3 bowing,
twisting, tapering, notching, under-cut, maintain the same critical dimension from fop o
bottom of the etch structure and arcing in pattern high aspect ratio structures. The disclosed
oxygen and iodine-containing etching compounds may stch through alternating layers of p-
Si, SI0, and/or SIN, resulting in a vertical efch profile. (.., damonsirating selectivity ranging
from 2:1 to 1:2 between the alternating layers). The disclosed oxygen and ioding-containing
etching compound plasma etches the alternating Si0O and SN (ONON) fayers having a
selectivity between approximately 1:2 {o approximately 2:1 with respect o the SiO layer
versus SiN layer. Preferably, the disclosed oxygen and iodine-containing etching compound
plasma efches the alternating SIO and SIN {ONON) layers having a selectivity of
approximately 1:1 with respect o the Si0 layer versus SiN layer.

[0058] The disclosed oxygen and iodine-containing eiching compounds are provided at
greater than 95% viv purity, preferably at greater than 99.98% viv purity, and more
preferably at greater than 99.889% viv purity. The disclosed oxygen and iodine-containing
gtching compounds contain less than 5% by volume trace gas impurities, with less than 150
ppm by volume of impurity gases, such as Np andfor Hx0 andior CQ», contained in said
frace gaseous impurities. Preferably, the water content in the plasma siching gas is less
than 20 ppm by weight. The purified product may be produced by distillation and/or passing
the gas or ligquid through a suitable adsorbent, such as a 4A molecular sieve.

100877 The disciosed oxygen and joding-containing etching compounds contain less
than 10% viv, preferably less than 1% viv, more preferably less than 0.1% viv, and even
more preferably less than 0.01% viv of any of its isomers, which may be purified by
distillation of the gas or liquid to remove isomers and may provide better process
repeatability.

[8058] Alternatively, the disclosed oxygen and iodine-containing etching compounds
may contain between 0.01% viv and 99.99% viv of its isomers, particularly when the isomer
mixture provides improved process parameters or if isolation of the target isomer is oo
difficuit or expensive. For example, the disclosed oxygen and iodine-containing eiching
compounds may comprise between approximately 50% viv and approximately 75% viv 2-
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iodo-1-{tflucromethoxyilelrafluorosthane and between approximately 25% viv and
approximately 50% viv 11,1, 2-etrafluore-2-indo-2-(Iriflucromeathoxyathane and between
approximately 25% viv and approximately 50% viv 1,2,2 2-tstrafluore-1-rifluoromethoxy-1-
iodosthane. The mixture of isomers may also reduce the need for two or more gas lines to
the reaction chamber.

[8059] Some of the disclosed oxygen and iodine-containing eiching compounds are
gaseous at room temperature and atmospheric pressure. For the non-gaseous {f.e., liquid
or solid) compounds, their gas form may be producead by vaporizing the compounds through
a conventional vaporization step, such as direct vaporization or by bubbling with inert gas
{such as Nz, Ar, He). The non-gasecus compounds may be fed in liquid state to a vaporizer
where i is vaporized bafore i is infroduced into a reactor.

(8068} The disclosed oxygen and iodine-containing elching compounds are suitable for
plasma etching semiconductor structures, such as, channel holes, gate trenches, staircase
contacts, slits, capacitor holes, contact holes, self-aligned contact, self-aligned vias, super
vias eic., in the silicon-containing films. The disclosed oxygen and iodine-containing
etching compounds are not only compatible with currently available mask materials but also
compatible with the future generations of mask materials because the disclosad oxygen
and ioding-containing eiching compounds induce litlle to no damage on the mask along
with good profile of high aspect ratio structures. In other words, the disclosed oxygen and
iodine-containing etching compounds may produce vertical etched patierns having minimal
0 no bowing, pattern collapse, or roughness. In order o achieve these properties, the
disciosed oxygen and iodine-containing etching compounds may deposit an etch-resistant
polymer layer during etching to help reduce the direct impact of the oxygen and fluorine
radicals during the etching process. The disclosed oxygen and iodine-containing etching
compounds may also reduce damage 1o p-Si or crystalline Si channel and silicon-containing
structure during siching.

(0061} The disclosed oxygen and iocdine-containing etching compounds selectively etch
the silicon-containing layers from a buried landing layer or material which is a metal layer
focated at the botiom of the structure to be etched in most applications. The disclosed
oxygen and ioding-containing efching compounds do not sich the landing lavers or metal
landing layers. The buried landing layer may be an eiching stop layer or a diffusion barrier
layer. Materials of the metal landing layers may be a tungsten metal word-iing in a 3D
NAND structure and/or another metal such as W, Cu, AL Ru, Pt Ti, Ta, Ni, Co, Mo, Mn, Pd,
Ir, Nb, Cr,Rh, V, Au, Ag or combination thereof and/or etch stop layers such as metals or
metal oxides or nifrides layer such ag AIO, WO, HIO, TiO, Tal, InQ, CrO, Ru(,Co0, Mo(,
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Zro, enO TiN, TaN, HiN, AIN, WN, MoN, NiN, NbN, CrN, RuN, CoN, ZrN, SnN or
combination thereof eic. The disclosed oxygen and ioding-containing etching compounds
induce iitle to no damage to the matarial at bottom of the contact hole, staircase and slit
{such as tungsten metal world line in a 3D NAND structure andfor other metais such as W,
Cu, Al, Ru, Pt, Ti, Ta, Ni, Co, Mo, Mn, Pd, Ir, Nb, Cr,Rh, V, Au, Ag or combination thereof
etc.y andfor etch stop layers such as metals or metal oxides or nitrides layer (AlQ, WO, HfO,
TiO, TaO, In0O, CrO, RuQ,Co0, MeO, ZrQ, SnO TiN, TaN, HfN, AIN, WN, MoN, NiN, NbN,
CrN, RuN, CoN, ZrN, SniN or combination thereof etc.}). One of ordinary skill in the art will
recognize that a barrier layer can also be composed of a combination of the previously
mentioned metals and metals oxide and nitride, such a barrier laver being TI/TIN, THTIN/I,
TiZrN, Ta/TaN, TaN/Cuw/TaN, TaN/Ru/TaN ete. A barrier might also contained silicide (such
as TISIN, TaSIiN, TiSi, MnSIQ, etc.), phosphide (such as CuWP, NiMoP, NiF etc.), carbide
{(such as TaC, TaCN, WCN ete.), horide (such as NiMoB, NiB etc.) or combination theraof.
Preferably, the disclosed oxygen and odine-containing setching compounds are suitably
volatile and stable during the etching process for delivery into the reactor/chamber.

[6os2) Material compatibility tests are important to determine if any of the disclosed
oxygen and iodine-containing etching compounds will react with chamber malerials and
degrade the performance of the chamber with short term or long-term use. Key materials
involved in parts of the chamber, valves, efc. include stainless steel, aluminum, nicks,
Polychiorotrifiuorosthens (PCTFE), polyvinylidene fluoride (PVDF), Polytetrafluorosthylene
(PTFE), PFA, PP, kalrez, viton and other metals and polymers. Attimes these materials are
exposed o high temperaturas, for example, higher than 20°C, and high pressures, for
example, higher than 1 atm, which may enhance their degradation. The metrology methods
may include visual inspection, weight measurement, measuring nanometer scale changes
in scanning electron microscopy (SEM), tensile strength, hardness, eic.

[6083] The disclosed oxygen and iodine-containing etching compounds may be used to
plasma etch silicon-containing films on a substrate. The disclosed plasma etching method
may be useful in the manufacture of semiconductor devices such as NAND or 30 NAND
gates or Flash or DRAM memory or tfransistors such as fin-shaped fisld-effect transistor
(FInFET), Gats All Around(GAA)-FET, Nanowire-FET, Nanosheet-FET, Forkshest-FET,
Complementary FET (CFET), Bulk complementary metal-oxide-semiconductor (Bulk
CMOS), MOSFET, fully deplieted silicon-on-insulator (FD-S01) structures. The disclosed
oxygen and icdine-coniaining eiching compounds may be used in other areas of
applications, such as different front end of the line (FEOL) and back end of the line (BEOL)
etch applications. Additionally, the disciosed oxygen and iodine-containing etching

23



WO 2023/114207 PCT/US2022/052706

compounds may also be used for etching Siin 3D through silicon via (TSV) etch applications
for interconnecting memory 1o logic on a substrate and in MEMS applications.

[0064] The plasma etching method includes providing a reaction chamber having a
substrate disposed therein. The reaction chamber may be any enclosure or chamber within
a device in which efching methods take place such as, and without limitation, reactive ion
etching (RIE), capacitively coupled plasma (CCP) with single or multiple frequency RF
sources, inductively coupied plasma {(ICP), or microwave plasma reactors, or other types
of etching systems capable of selectively removing a portion of the silicon-containing film
or generating active species. One of ordinary skill in the art will recognize that the different
plasma reaction chamber designs provide different electron temperature control. Suitable
commaercially available plasma reaction chambers include but are not limited {o the Applied
Materials magnetically enhanced reactive ion etcher sold under the trademark eMAX™ or
the Lam Research Dual CCP reactive ion eicher dielectric etch product family sold under
the trademark 2300% Flex™. The RF power in such may be pulsed to control plasma
properties and thereby improving the etch performance {(selectivity and damage) further,
[0065] Alternatively, the plasma-treated reaciant may be produced outside of the
reaction chamber. The MKS Instruments’ ASTRONI® reactive gas generator may be used
o treat the reactant prior to passage into the reaction chamber. Operated at 2.45 GHz,
7KW plasma power, and a pressure ranging from approximately 0.5 Torr {0 approximately
10 Torr, the reactant O2 may be decomposed into two O radicals, Preferably, the remote
plasma may be generated with a power ranging from about 1 KW to about 10 kW, more
preferably from about 2.5 KW o about 7.5 kW,

[0086] The reaction chamber may contain one or more than one substrate. For example,
the reaction chamber may contain from 1 to 200 silicon wafers having from 25.4 mm tc 450
mm diameters. The substrates may be any suitable substrates used in semiconducior,
photovoltaic, flat panel or LOD-TFT device manufacturing. Examples of suitable substrates
include wafers, such as silicon, silica, glass, Ge, SiGe, Gedn, inGaAs, GaSb, InP, or GaAs
waters. The wafer will have multiple films or layers on it from previous manufacturing steps,
including silicon-containing films or layers. The layers may or may not be patternad.
Exampies of suitable layers include without limitation silicon (such as amorphous silicon, p-
Si, crystaliine silicon, any of which may further be p-doped or n-doped with B, C, P, As, Ga,
In, 8n, Sb, Bl and/or Ge), silica, silicon nifride, silicon oxide, silicon oxynitride, SiaOeHCaNe,
(wherein a>0; b, ¢, d, e 2 0),Ge, 3iGe, Gedn, InGaAs, GaSb, InP; mask layer materials
such as amorphous carbon with or without dopanis, antireflective coatings, photoresist
materials, a metal oxide, such as AlQ, TiO, HIO, Zr0, n0, Ta0 setc. or a metal nitride layer
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such as AN, ZrN, SnN, HfN, titanium nitrids, tantalum nitride etc. or combinations thereof,
gtch stop layer materials such as silicon nitride, polysilicon, crystalline silicon, silicon
carbide, SiON, SICN or combinations thereof, device channeal materials such crystalline
silicon, epitaxial silicon, doped silicon, SiLOHCaNe, {wherein a>0;, b, ¢, d, e 2 0} or
combinations thereof. In one exampie the mask layer maybe composed of two or more
layers such a combination of carbon- containing laver, and/or silicon- containing laver
andfor metal-containing layer. In one example the mask might be SIN and TiN and the
landing laver Cu, W, or Ru. The silicon oxide layer may form a dielectric material, such as
an organic based or silicon oxide based low-K dielectric material (s.g., a porous SICOH
film). An exemplary low-k dielectric material is sold by Applied Materials under the trade
name Black Diamond  or Hl Additionally, layers comprising tungsten or noble matals {e.g.
platinum, palladium, rhodium or gold} may be used. Furthermore, examples of the silicon-
containing films may be SiLOHLNe, (wherein a>0; b, ¢, d, & 2 0). Throughout the
specification and claims, the wafer and any associated layers thereon are referred to as
substrates.

[6067] The foliowing are exemplary esmbodiments of the substrates on which the
disciosed oxygen and indine-containing etching compounds may be applied to atch.
[0068] in one embodiment, a substrate 100 may include a stack of mulliple layers as
shown in FIG 1a. FiG. 1ais a cross-seclional side view of exemplary layers in a 30 NAND
stack to produce a 3D NAND gate. In FIG. 1a, a stack of seven alternative SIOQ/SIN (e,
104a/104b) layers 104 is located on top of a silicon wafer 102 (L.e., ONON or terabit cell
array transistor (TCAT) technology). In some applications, the wafer 102 may be a buried
landing layer or material, such as tungsten metal word-line in a 3D NAND structure andfor
another metal such as W, Cu, Al, Ru, Pt, Ti, Ta, Ni, Co, Mo, Mn, Pd, iIr, Nb, Cr, Rh, V, Au,
Ag or combination thereof etc. and/or etch stop or diffusion barrier layers such as metals or
metal oxides or nitrides layer (AlO, WO, HIO, TiO, TaO, InQ, WO, CrO, RuQ, CoQ, Mo,
TiN, TaN, HiN, AIN, WN, MoN, NiN, NbN, CrN, RuN, CoN or combination thereof elc.). One
of ordinary skill in the art will recognize that a barrier layer can also be composed of a
combination of the previcusly mentioned metals and metals oxide and nitride, such a barrier
layer being TIUTIN, TUTIN/TI, TiZrN, Ta/TaN, TaN/CufTaN, TaN/Ru/TaN etc. A barrier might
also containad silicide (such as TISIN, TaSiN, TiSk, MnSIO, etc.), phosphide (such as
CuWwk NiMoP, NiP stc), carbide (such as TaC, TaCN, WCN etic), boride (such as NiMoB,
NiB eic.) or combination thereof. One of ordinary skill in the art will recognize that some
technologies replace the SIN layers 104b with p-Si layers {e.g., SiO/p-Si or pipe-shaped bit
cost scalable (P-BICS) technology). A hardmask layer 106 is located on the top of the
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seven SIO/SIN layers 104. The hardmask layer 108 may be an amorphous carbon (a-C)
hardmask layer with or without dopants. The hardmask layer 106 may be a layer of CVD,
PECVD, ALD, PEALD or apin on deposited (SCD} amorphous carbon or doped amorphous
carbon, silicon-containing spin on mask, or carbon-containing spin on mask. The hardmask
layer 108 may contain C and H, as well as other slements, such as boron, nitrogen, sulfur,
chiorine, fluorine or metals (Al Zr, Ti, W, Y} efc., to improve efch resistance during SIO/SIN
layer etch. In this case, the hardmask layer 106 is a doped a-C layer, for example, a boron-
doped a-C iayer, a tungsten-doped a-C layer, efc. An antireflective coating layer 108 is
locaied on top of the hardmask layer 108. A patternad photoresist layer 1108 is located on
top of the antireflective coating layer 108 with pattern 112. Herein, a SION layer (not shown)
may be prasent between the antireflactive coating layer 108 and the hardmask layer 108 1o
fransfer the pattern 112 in photoresist layer 118 to the hardmask layer 108 to form a
patterned hardmask layer (not shown). One of ordinary skill in the art will recognize that
the stack of layers in the substrate 100 in FIG. 1a is provided for exemplary purposeas only
and that the disclosed oxygen and iodine-containing etching compounds may be used to
etch other types of stacks of layers. Furthermore, one of ordinary skill in the art will
recognize that the number alternating SIO/SIN or SIO/p-Si layers 104 in the stack of the
substrate 108 may vary (i.e., may include more or less than the seven SIO/SIN (104a/104b)
layers depicted).

[0069] FIG. 1b is a cross-sectional side view of the exemplary layers in the 30 NAND
stack of FiG. 1a showing polymer deposited on sidewalls of a structure or a via 112a formed
by etching. The disclosed oxygen and icdine-containing eiching compounds may produce
fragments during the plasma process that are suitable for both anisotropically efching the
silicon-containing films 104 and depositing an oxygen and iodine-containing polvmer
passivation layer 214 on sidewalls of the structure or via 112a being elched as shown in
FIG. 1b. The difference between FIG. 1b and FIG. 1a is in FIG. 1b structure or via 112a is
formed in substrate 100 by plasma etching using the disclosed oxygen and iodine-
containing eich compounds, which alao deposit the polymer passivation layer 214 on the
sidewalis of the structure or via 112a. The polymer passivation layer 214 aiso provides
smoother sidewall, less bowing and less deformation at the bottom of the structure or via
212. The polymer passivation layer 214 may however be easily removed or cleaned by dry
or wet efch chemistries known in the art.

[0070] FIG. 1c is a cross-sectional side view of the exemplary layers in the 3D NAND
stack of FIG. 1a showing particles 318 generated during alternating SIO/SIN layer etching
ina 30 NAND stack. The particles 316 generated on the sidewalls of the alternative SIO/SIN
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{i.e., 104a/104b) layers 104 as shown in FIG. 1¢ may be minimized by using the disclosed
oxygen and iodine-containing etching compounds. The difference between FiG. ¢ and
FIG. 1b is in FIG. 1¢ the alternative SiQ/SIN exposed sidewall has particles 318 ganerated
during plasma etching. Applicants do not believe that the disclosed oxygen and iodine-
containing stching compounds will generate the particles 316 shown in Fig. 1c.

[8071] FiG3. 1d is a cross-sectional side view of the exemplary layers in the 3D NAND
stack of FIG. 1a showing seleclive isotropic elching of the SiN layers 104b exposed on the
sidewall in the 3D NAND stack after the anisotropic efching process. The SiN exposed
sidewail in stack 100 may be etched selectively as shown in FIG. 1d by using the disclosed
oxygen and icdine-comntaining etching compounds to selectively break the Si-N bonds inthe
SiN layers 104b over the Si-0 bond in the SIO layers 104a forming a selective sidewall SiN
etch 418 on the stack of SIO/SIN layers 104 in the via 112a. The difference between FIG.
1d and FiG. 1b is in FIG. 1d SiN layer exposed on the alternative SIO/SIN sidewall is
selectively eiched by the disclosed oxygen and iodine-containing etching compounds
forming the seleciive sidewall SIN etch 418, Typically, the selective sidewall SiN efch 418
is performed by wet etching using mixtures with phosphoric acid. Replacing wet eich
process with dry plasma stch processes is known 1o greatly improve the sconomics of
semiconductor device fabrication process since wet efching requires moving the substrate
to different wet eiching egquipment. With the disclosed methaods, all etching, including the
selective sidewall SiN etch of FIG. 1d, may be performed in one piece of etching equipment,
which may reduce the cost of the semiconductor fabrication.

6072 In alternative embodiment, substrate 288 may include a stack of multiple layers
as shown in FIG. 2, which is a cross-seclional side view of exemplary layers in a DRAM
stack o produce a DRAM memory. As shown, a stack of four layers is located on top of a
silicon wafer 202. A hardmask layer 288 is located on top of a large SIO layer 204, An
antireflective coating layer 208 is located on top of the hardmask layer 286, A patiern
photoresist layer 210 is located on top of the antireflective coaling 208, A SION layer (not
showr) may be present betweaen the antireflective coating layer 208 and the hardmask layer
206 to transfer pattern 212 in pholoresist layer 210 to the hardmask layer 206, One of
ordinary skiil in the art will recognize that the stack of layers in FIG. 2 is provided for
exemplary purposes only and that the disclosed oxygen and iodine-containing etching
compounds may be used o eich other stacks of layers, for example, for a stack where the
hardmask layer 206 is replacaed with a TiN layer. Furthermore, one of ordinary skill in the
art will recognize that the number of layers in the stack may vary {i.e., may include more or
less than the layers depicied).
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[0073] Fi5. 3a is a cross-sectional side view of exemplary layers showing photoresist
pattern over Si0 insulation layer surrounding a typical transistor device region to produce
a transistor structure.  As shown, substrate 3008 may include a stack of four layers
surrounding a transistor gate electrode region supported on silicon wafer 302. The fransistor
region as shown includes two doped silicon regions 308 acting as source and drain.
Transistor gate dielectric 314 is presented undemesath galte eleclrode 316 The whole
fransistor, f.e., transistor gate dielectric 314 and gate elecirode 318, is surrounded by a thin
SiN layer 308 which may later act as etch stop layer during contact efch. Each transistor
device region 306/318 is separated by SIC isolation regions 3084 in the silicon wafer 302 {o
minimize electrical interference. One of ordinary skill in the art will recognize that layer 302
may be located on top of a silicon oxide layer of the Silicon on Insulator (801} wafer (not
shown). Another SiO layer 310 as an insulation layer is deposited on the transistor and
used to insulate any metal contact {o the transistor device regions 308, Patlemed
photoresist mask 312 is used to pattern the Si0 layer 310, Eiching is performed using the
disclosed oxygen and icdine-containing etching compounds in plasma environment. The
patterned photoresist mask 312 serves as a template o etch the SIO layer 310 and eiching
is stopped on the SiN layer 308 as shown in FIG 3b.

[0074] FiG. 3b is a cross-sectional side view of the exemplary layers of FIG. 3a after
etching the SIO layer 318, The difference between FIG.3b and FIG. 3a is in FIG. 3b
structures or vias 318 are formed in the SIO layer 318 through efching by the disclosed
oxygen and iodine-containing etching compounds. The SIO layer 310 may be etched with
photoresist layer 312 as a mask layer. The mask layer may be any suitable photoresist
mask materials, such as TiN, a-C and so on. The eiching may be stopped at the underlying
SiN layer 308,

[6075] The disclosed oxygen and icdine-containing efching compounds may aiso be
used to sich the SIN layer 308 with different plasma conditions and different mixtures of
etching compounds. One of ordinary skill in the art will racognize that the stack and
geomatry of layers in FiG. 3a and FIG. 3b are provided for exempiary purposes only and
that the disclosed oxygen and iodine-containing etching compounds may be used to etch
other types of stacks of layers. Furthermore, one of ordinary skill in the art will recognize
that the number of layers in the stack may vary {i.e., may include more orless than the four
layears depicted).

[0076] The vapor of the disclosed oxygen and iodine-cortaining elching compounds is
introduced into the reaction chamber containing the substrate and silicon-containing films.
The vapor may be introduced to the chamber at a flow rate ranging from approximately 0.1
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scom o approximately 1 sim. Here scom is standard cubic centimeters per minute; and skm
is standard liter per minute. For example, for a 200 mm wafer size, the vapor may be
introduced o the chamber at a flow rate ranging from approximately & scom o
approximately 50 scom. Alternatively, for a 450 mm wafer size, the vapor may be infroduced
o the chamber at a flow rate ranging from approximately 25 scem o approximately 250
scem. One of ordinary skill in the art will recognize that the flow rate may vary from tool to
tool.

(0077} The disclosed oxygen and iodine-containing efching compounds may be
supplied sither in neat form or in a blend with an inert gas, such as No, Ar, Kr, Ne, He, Xe,
etc., or solvent. The disclosed oxygen and icding-containing eiching compounds may be
presented in varying concantrations in the blend. For liquid oxygen and iodine-containing
gtching compounds, the vapor form of the oxygen and iodine-containing efching
compounds may be produced by vaporizing the neat or blended oxygen and indine-
containing efching compound solution through a conventional vaporization step such as
direct vaporization or by bubbling. The neat or blended oxygen and iodine-containing
etching compounds may be fed in fiquid state to a vaporizer where it is vaporized hefore it
is introduced into the reactor.

[8078] Alternatively, the neat or blended oxygen and iodine-containing etching
compounds may be vaporized by passing a carrier gas into a container containing the
disciosed oxygen and iodine-containing etching compounds or by bubbling the carrier gas
into the disclosed oxygen and iodine-containing etching compounds. The carrier gas may
include, but is not limited to, Ar, He, Na, Kr, Xe, Ne and mixtures theraof. Bubbling with a
carrigr gas may also remove any dissolved oxygen present in the neat or blended iodine-
containing etching compound solution. The carrier gas and disclosed oxygen and iodine-
containing etching compounds are then infroduced into the reactor as a vapor.

10073] if necessary, the container containing the disclosed oxygen and icdine-
containing etching compounds may be heated to a temperature that permits the oxygen
and joding-containing etching compounds to be in liquid phase and to have a sufficient
vapor pressure for delivery into an eiching tool. The coniainer may be maintained at
temperatures in the range of, for example, approximately 0°C to approximately 150°C,
preferably from approximately 25°C o approximately 100°C, more preferably from
approximately 25°C to approximately 50°C. More preferably, the container is maintained
at room temperature (approximately 25°C) in order to avoid heating lines to the etch tool.
Those skilled in the art recognize that the temperature of the container may be adjusted in
a known manner to control the amount of oxygen and iodine-containing etching compound
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vaporized.

[o080] Additionally, the disclosed oxygen and ioding-containing etching compounds are
delivered in purity ranging from 85% 1o 99.998% by volume and may be purified with known
standard purification techniques for removal of CO, CO», Np, Ho0O, HF, HxS, S0z, halides,
and other hydrocarbons or hydrohalocarbons.

(6081} Aninert gas is also introduced into the reaction chamber in order {o sustain the
plasma. The inert gas may be He, Ar, Xe, Kr, Ne, Nz, or combinations thereof. The etching
gas and the inert gas may be mixed prior to infroduction to the chamber, with the inert gas
comprising between approximately 0.01% viv and approximately 99.9% viv of the resulting
mixture. Alternatively, the inert gas may be introduced to the chamber continuously while
the etching gas is introduced to the chamber in pulses.

[80az] The vapor of the disclosed oxygen and iodine-containing etching compounds
and inert gas are activated by plasma fo produce an aclivated eiching gas. The plasma
decomposeas the oxygen and iodine-containing eiching compounds into radical form (e,
the activated eiching gas). The plasma may be generated by applying RF or DC power.
The plasma may be generated with a RF power ranging from about 25W fo about
100,0C0W. The plasma may be generated remately or within the reactor itself. The plasmsa
may be generated in dual CCP or ICP mode with RF applied at both electrodes. RF
frequency of plasma may range from 100 KHz {0 1GHz. Different RF sources at different
frequency may be coupled and applied at same electrode. Plasma RF pulsing may be
further used to control molecule fragmentation and reaction at substrate. One of skill in the
art will recognize methods and apparatus suitable for such plasma treatment.

[0083] A quadrupole mass spectrometer (QMS), optical emission spectrometer, FTIR,
or other radicalfion measurement {ools may measure the activated eiching gas from the
chamber exhaust {o determine the types and numbers of species produced. If necessary,
the flow rate of the elching gas and/or the inert gas may be adjusied {0 incregse or decrease
the number of radical species produced.

[0084] The vapor of the disclosed oxygen and iodine-containing etching compounds
may be mixed with other gases either prior {0 introduction inte the reaction chamber or
inside the reaction chamber. Preferably, the gases may be mixad prior to introduction o the
chamber in order o provide a uniform concentration of the entering gas.

[6085] in ancther glternative, the vapor of the oxygen and iodine-containing etching
compound may be infroduced into the chamber independently of the other gases, such as
whern two or more of the gases react or are easier {0 deliver independently.

[0088) In ancther alternative, the eiching gas, e, the vapor of the oxygen and iodine-
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containing etching compound, and the inert gas are the only two gases that are used during
the etching process.

[0087] Exemplary other gases include, without Himitation, oxidizers such as Og, G, CO,
GOz, NO, NoO, NO2, Ho0, Ha0, COS, 80, and combinations thereof. The disclosed oxygen
and iodine-containing etching gases and the oxidizer may be mixed together prior o
introduction inte the reaction chamber.

[0088] Alternatively, the oxidizer may be infroduced continuously into the chamber and
the eiching gas introduced into the chamber in pulses. The oxidizer may comprise between
approximately 0.01% viv to approximately 99.99% viv of the mixture introduced into the
chamber (with 98.99% v/v representing introduction of almost pure oxidizer for the
continuous introduction alternative).

[ocag] Cther exemplary gases with which the disclosed oxygen and iodine-containing
etching compounds may be used include additional etching gases, such as cCsFs, CaFs,
cCsFs, CsFa, CaFs, CF4, OHaF, OFsH, CHaF 2, CaHFy, CsFe, CsHaFs, CsHals, CatsFs, CaHF7)
CsHFs CsFs, CsFs, CFal, GoFal, CoFst, GsFsl 1-lodoheptafiucropropane (1-CsF4l), 2-
lodoheptaflucropropane (2-CsF5h), CaFel, CaHF,, COS, FNG, F-CaN, C&,, 80, SFs, trans-
CaHoFe), hexafluorcisobutene (CsHaFe), trans-1,1,2,2,3 4-hexaflucrocyciobutane (frans-
CaHaFs),  1,1,2,2, 3-pentafluorocyciobutane (CeHaFs),  1,1,2,2-tetrafluorccyciobutane
(CaHsFs), and cis-1,1,2,2,3 4-hexafiuorocyclobutane (¢is-CaHaFs) or combinations thereof.
For example, approximately 1% viv 1o approximatsly 25% viv of the disclosed oxygen and
iodine-containing etching compound may be used with a balance of CsFe or cCsFs. As
shown in the examples that follow, the combination of the disclosed oxygen and icdine-
containing etching compounds with conventional elch gases may result in increased efch
rates while maintaining the higher selectivity between the substrate and layer {0 be efched
associated with the disclosed oxygen and ioding-containing etching compounds.

[0080] The vapor of the disclosed oxygen and ioding-containing etching compounds
and the stching gas may be mixed prior to introduction to the reaction chamber. The
additional etching gas may comprise between approximately 0.01% viv {0 approximately
99.89% vfv of the mixture infroduced into the chamber.

[66e1] in one non-limiting exemplary plasma etch process, the vapor of g disclosed
oxygen and icdine-containing compound, such as C4F 4O, is introduced into a 200 mm Dual
CCP plasma etfch tool using a controlled gas flow device. The controlled gas fiow device
may be a mass flow controller or a bubbler design with inert gas flow o deliver the vapor of
the desired molscule. In case of high boiling peint molecules, a special low pressure drop
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mass flow controlier from Brooks Automation {(No. GF120X5D), MKS instruments, etc., may
be used. The pressure of the reaction chamber is set at approximately 30 mTorr. No gas
source heating may be necessary if the vapor pressure is sufficient. The distance between
the two CCP electrodes is kept at 1.35 cm and the top electrode RF power is fixed at 750
W. The bottom electrode RF power is varied to analyze the performance of the molaecule.
The reaction chamber contains a substrate having silicon-containing films thergon, similar
to those shown in FIG. 1a. The antireflective coaling layer 108 is patternedietched by 3
fluorocarbon {(e.g., CF4 and CHaF2) and oxygen-containing gas (.., Oz). The amorphous
carbon mask layer 106 is pattemed/etched by an oxygen-containing gas. The SIC and SIN
layers 104 are patfterned by the plasma of the disclosed oxygen and iodine-containing
etching compounds (2.9, CdFei0) and Argon. Argon is independently introduced into the
chamber at a 250 scom flow rate. CaFolQO is independently introduced into the chamber at
15 scem. Oz is independently introduced into the chamber and varied from 0 scom to 20
scom o determine optimum atching conditions. An aperture having an aspect ratio equal to
or greater than 101 is produced, preferably greater than 501 which may be used as a
channel hole or contact hole or staircase etch, slit etch in 3D NAND and DRAM. Similar
example may be used for other stack layers as shown in FIG. 2 and FIG. 3a.

[0092] In ancther non-limiting exemplary plasma efch process, C4Fql0 is introduced into
a 200 mm Dual CCP plasma etch tool using a conirolled gas flow device. The controlied
gas flow device may be a mass flow controlier. In case of high bolling point molecules, a
special low pressure drop mass flow controller from Brooks Automation (No. GF120X8D),
MKS Instruments, efc., may be used. The pressure of the reaction chamber is set at
approximately 30 mTorr. No gas source heating may be necessary if the vapor pressure is
sufficient. The distance between the two CCP electrodes is kept at 1.35 cm and the top
electrode RF power is fixed at 750 W. The bottom elecirode RF power is varied to analyze
the performance of C4F.l0. The reaction chamber containg a substrate 108 having a thick
SIO layer 104z thereon, similar to the layer shown in FIG. 2. Prior to this process, the
antireflactive coating layer 108 is removed by a fluorocarbon (e.g., CFs) and oxygen-
containing gas {e.g., Oy} and the a-C mask layer 108 is removed by an oxygen-containing
gas. Argon is independently introduced into the chamber at a 250 scom flow rate. C4FdlO
is independeantly introduced into the chamber at 15 scom. Oy is independeantly introduced
into the chamber at 0-20 scom to determine optimum etching conditions. An aperfurs having
an aspect ratio equal to or greater than 10:1 is produced, which may be used as a coniact
hole in DRAM. Similar examples may be used for other stack layers as shown in Figs 1a
and 3a.
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[0093] The silicon-containing films and the activated oxygen and iodine-containing
etching gas react to form volatile by-products that are removed from the reaction chamber,
The a-C mask, antireflective coating, and photorasist layer are less reactive with the
activated etching gas. Thus, the activated efching gas selectively reacts with the silicon-
containing films o form volatile by-products.

[8024] The temperature and the pressure within the reaction chamber are held at
conditions suitable for the silicon-containing film to react with the activated eiching gas. For
instance, the pressure in the chamber may be held between approximately 6.1 mTorr and
approximately 1000 Torr, preferably between approximately 1 mTormr and approximately 10
Torr, more preferably between approximately 10 mTorr and approximately 1 Torr, and more
preferably between approximataly 10 mTorr and approximately 100 mTorr, as required by
the elching parameters. Likewise, the subsirate temperature in the chamber may range
between about approximately -186°C to approximately 500°C, preferably between
approximately -120°C to approximately 300°C, more preferably between approximately -
100°C o approximately 50°C, and more preferably between approximately -10°C fo
approximately 40°C. Chamber wall temperatures may range from approximately ~196°C {o
approximately 300°C dapending on the process requirements.

[0095] The reactions between the silicon-containing film and the activated stching gas
resuit in anisotropic removal of the silicon-containing films from the substrate. Atoms of
nitrogen, oxygen, andfor carbon may aiso be present in the silicon-containing film. The
removal s due to a physical sputiering of silicon-containing film from plasma ions
{accelerated by the plasma) and/or by chamical reaction of plasma species to convert Sito
volatile species, such as SiF,, whersin x ranges from 1-4.

[0086] The plasma activated vapor of the disciosed oxygen and iodine-containing
atching compounds preferably exhibits high selectivity toward the mask and eiches through
the alternating layers of SiC and SIN resulting in a vertical efch profile with no bowing or
roughness, which is important for 3D NAND appiications. Additionally, plasma activated
vapor deposits polymer on sidewall to minimize feature profile deformation. For other
applications, such as DRAM and 2D NAND, for example, the plasma activated eiching gas
under different process conditions may selectively etch SIO from SiN. The plasma activated
etching gas may selectively etch SO and/or SiN from mask layers, such as a-C, photorasist,
p-Si, or silicon carbide; or from metal contact layers, such as Cu, W, Ru, stc.; or from
channel regions consisting of SiGe or polysiiicon regions.

[Boe7] The disclosed elch processes using the disclosed oxygen and iodine-containing
etching compounds as the efching gases produce channel holes, gale trenches, staircase

33



WO 2023/114207 PCT/US2022/052706

contacts, capacitor holes, contact holes, contact eteh, slit etch, self-aligned contact, self-
aligned vias, super vias efc., in the silicon-containing films. The resulling aperture may have
an aspect ratio ranging from approximately 101 1o approximately 2001 and a diameter
ranging from approximately 5 nm to approximately 500 nm, preferably less than 100 nm.
For example, one of ordinary skill in the art will recognize that a channeal hole etch produces
apertures in the silicon-containing films having an aspect ratic greater than 50:1.

[c098]) Typical materials thal need to be eiched may be Si0. A process of etching SIO
may be relevart o etching ftrenches in  borophosphosiiicategiass  (BPBG),
ietragthylorthosilicate (TEOS), or low deposition rate TEQS (LDTEQS), thermal oxide made
through a wet or dry process. An etch stop layer may be silicon nitride or silicon oxygen
nitride (SION) or poly silicon. A mask material used may be a-C, p-5i, or photo resist
materials. Herein, the disclosed oxygen and iodine-containing etching compounds are
applied to efch SiO, SIN, p-Siand/or a-C substrate films.

[0099] As shown in the examples that follow, evaluations of dry elching of SiC, SiN, p-
Si and a-C films with the disclosed oxygen and iodine-containing efching compounds show
that the oxygen and iocdine-containing HFCs vield highest selectivity of silicon oxide versus
amorphous carbon, silicon nitride and p-Si than the prior art fluorocarbons. The reason for
high selectivity may be attributed to the formation of low F/C iodine containing fragments
during plasma dissociation of the etch gases, which resulls in the formation of a protective
polymer film on the substrates. Additionally, the iodine is ionized and bombards the surface
with the heavy iodine ion similar 10 inert gases such as Ar, Kr, and Xe. Also the iodine
ionized atoms modifies the surface of the organic hard mask, by doping it to improve the
etch resistance of the organic hard mask, so as to favor high aspect ratio etch. The activated
oxygen and iodine-containing etching compound produces iodine ions, which strengthens
the patterned mask layer, thereby reinforcing and minimizing damage to a patterned mask
layer while forming a patierned structure in the substrate. The etching gas results presented
herein show they are not only ready for patierned structure etch process, such as coniact
gtch process, but also may be beneficial for other elching processes on silicon or matal
containing substrates, including low k etching processss. {n addition, in the process of
forming the pattemned structure by efching with the disclosed oxygen and iodine-containing
gtching compound, an eich resistance of the paltern mask layer may be increased by
doping iodine to the surface of the patiern mask layer, thereby modifying the surface. In this
case, the iodine ions from the activated oxygen and ioding-containing etching compound
are implanted into the patterned mask layer {i.e., the surface and/or the body/bulk of the
patterned mask layer) while etching the silicon-containing film from the subsirate to form
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the pattemed structure. Besides, the disclosed oxygen and iodine-containing etching
compounds are suitable for reduction of the global warming potential caused by
perflucrecarbon compounds.

[001007 By tuning the process parameters and depending on applications doping
concentration of lodine may be increass from 0.1 10 88.8% through the deposited film.
[0100] An ioding atomic concentration in the substrate material ranging from
approximately 0.1% to approximately 99.8% with a uniform concentration through the
depositad film.

[0101]  An icdine atomic concentration in the substrate material ranging from
approximately 1% 1o approximately 50% with a uniform concentration through the deposited
film.

[0102] An iodine stomic concentration in the substrale material ranging from
approxdimately 2% o approximately 30% with a uniform concentration through the deposited
film.

[0103] Furthermore, oxygen in the activated oxygen and iodine-containing efching
compound may be doped into the a-C mask layer. Oxygen in the activated oxygen and
lodine-containing stching compound may also reduce the use of an oxidizer or eliminate
the use of the oxidizer. In some embodiments, an oxidizer may not be intreduced. In some
embodiments, litlle oxidizer may be used. As stated above, the oxidizer removes the
deposited polymer but may make the eiched structure deformed. With the disclosed oxygen
and iodine-containing etching compounds, less to no oxidizer may be applied, so that the
etched structure will keep a straight profile. In addition, the oxygen in the activated oxygen
and iodine-containing stching compound helps incorporating greater amount of iodine-
containing iong, radicals and species into the mask layer, such as the carbon-containing
fayer. In addition, the oxygen in the aclivated oxygen and ioding-containing etching
compound helps increasing the etch rate of a silicon-containing layer.

Examples

(010841 The following non-limiting examples are provided to further illustrate
embodiments of the invention. However, the examples are not intended to be all inclusive
and are nof intended o Imit the scope of the inventions described herein.

(0108} in the following examples, experiments were carried out with commercial LAM
o0l 4520XLe 200mm (CCP dual frequency plasma) or alternatively with commercial AMEC
300mm Primo SSC HD-RIE etcher. Planar wafers were purchased from Advantive Tech.
Planar wafers tested are four different subsirates below.
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[0106] Experiment was carried out at the Alr Liguide R&D Innovation Campus Delawares
with commercial LAM tool 4520XLe (CCP dual frequency plasma with 10 gas lines).
Planar wafers were purchased from Advantive Tech. Planar wafers tested are:

e 2um PECVD TEOS on Si substrate,

s 2um PECVD SiaNg on Si substrate,
e 300 nm LP-CVD poly-Si on Si substrate,

« 350 nm PE-CVD a-C on Si substrate.
(01071 For planar test: etch rate and selectivity were evaluated through ellipsometry and
SEM at different O, flow rate by measuring the change in etch thickness as a function of
gtching time. The gas flow rate of process testing molecules is maintaining constant at 15
scem and of Ar flow rate at 250 scem, while screening O, flow rate from 0-20 scom.
Subsequently, polymer compaosition was studied by X-Ray Photoelectron Spectroscopy.
[0108] The siching experiment were performed on four 1.5 x1.5 cm? planar coupons
having four different substrate materials including Si0,, SiaNg, p-Si and a-C. The coupons
are placed on 200 mm diameter carrier wafer and held in contact by using silicon oif or
thermal paste. Aliernatively, double sided carbon tape obtained from SPI supplies may have
been used to stick coupons on carrier wafer.
(01097 Etching tests were performed at a pressure of 30 mTorr, source power of 750 W
(27 MH2z), bias power of 1500 W (2 MHz), and temperature 20°C. The feed mixture contains
250 scom of Ar, 15 scom of elch gas, while 02 is varied in the range © o 20 scom.
F01107 To prove the repealability, each etching test have been repeated at least three
times. Standard deviation of the average of the three measurements is shown as error bar
in the chart. Subsequently, polymer composition was studied by X-Ray Photoelectron
Spectroscopy (XPS).

Example 1 Plasma enhanced dry etching using CsF10

(0111} CsF7O, 2-iodo-1,1,2 2-tetrafluoro-1-(triflucromethoxyjethane was applied o
plasma stch silicon oxide Si0;.

Tabie 3
Molecule name Boiling point CAS Purity Supplier
CsF7AO 47.5°C 1561-52-0 97 0% Synguest
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FIG. 4 shows eich rates (ER) and selectivity of C5F710 on four different substrates, i.e, Si0,
SiN, p-3i, a-C, at different O flow rate (0-20 scom). The ERs of 3iC; and a-C are inversaly
praportional: as Oy flow rate decreases, the ER of Si0O» increases; as the ER of a-C
decreases, itis shown that the highest Si0J/a-C selectivity is ~17:1 and the Si0- ER is ~835
nm min at Oz = 0 scom. Table 4 is a comparison with benchmark standard etch gas CafFs,
commmonly used in the industry. C:F/0 shows approximately 70% higher Si0u/a-C
selectivity than that of benchmark gas {CsFe) with similar etch rates. To be notice is the
number of carbons in the two molaecules (Cs vs C4) and the difference in F/C ration into the
iwo eich compounds: GiFl0 has an F/C ralio=2.33 and CsFs has a F/C ratio=1.5.
Generally, from literaturs higher F/C ration shows lower selectivity due to the lower number
of carbon that make the polymer and preserve the pattern mask. However, CsFA0 even
having a lower number of carbon shows higher selectivity due to the presence of iodine-
and oxygen-containing elements in the efch compound. FIG. 8 is a graph demonstrating
etch rates of Si0, SiN, p-8i and a-C using CaFe.

Tabie d
Si0Oz ER Inm/min] SiGya-C selectivity
CaFAQ 535 17
CaFs 535 10.7

[0112]  XPS data analysis: In order to simulate the polymer layer formation occurring on
the top surface and on the sidewall during plasma sich processing, the process conditions
were tuned: a-C and Si bare coupons wers etched at 30 mTorr for 80 sec, source power of
750 W {27 MHz)}, with no bias power (0W, 2MH2z) at the substirate. The process feed the
mixture contains 125 scem of Ar, 30 scem of CsF710 and no O, listed in Tabie 8. Because
of the absence of the bias power, the ions reaching the subsirate may not have sufficient
energy 1o sich the subsirate. In addition, the neutrals and the active species reaching to the
surface of the subsirate stick {0 the surface, based on their sticking coefficient, s¢ that
deposit a thin polymer layer thereon. This thin polymer layer may be responsible for sidewall
passivation and often provides the selectivity.

Tabie 5
Source Bias Bressure Time CaFAQ Ar flow O, flow rate
power poWar flow rate rate
750 W LAY 30 mTorr 50 s 30 scom | 125 scom 0 scom

0113} For XPS depth profile, large cluster ion gas Ar1000+ at 5 keV ion energy have
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been used, instead of moncatomic Ar+ in order to minimize the chemical damage and avoid
potential knock-on of jodine atoms during Ar sputiering, which is likely to happen during
organic material sputtering, such as flucrocarbon polymer or amorphous carbon. FiG. Sa
shows a depth profile on a-C substrate. FiG. 8b shows a zoom in figure of FIG. 3a without
showing C1ls. Table 6 lists the XPS resulis of using GaF7i0O to etch a carbon-containing

substrate.
Tabie 8
Cis F1s O1s {3d Nis
70.5 19.5 8.7 2.5 0.8
Tabie7
Si2p Cis Fis O1s f3d
14.7 57.9 11.8 13.9 1.9

(0114} Oxygen and ladine-containing fluorocarbon compound shows an interasting
behavior during the carbon-containing mask etch compared to Si-containing matsrials.
According to XPS data, lodine modifies the carbon surface and penetrates deeply on a-C
mask, similar {0 a doping effect and helping preserve the hardmask layer during etch. Tabile
7 lists the XPS results of using CsFAQ to etch a silicon-containing substrate. On the Si
substrate, a thin polymer layer with the following structure C.F Oy is observad superficially,
but icdine content drop to zero after about 20 sec etch time, while on the a-C laver, iodine
can be seen deeper, in low percentage (< 2%). Also oxygen coming from CaF7i0 gets
incorporated in the bulk of the a-C mask layer with a concertation of 2-3%. By tuning the
process parameters and depending on the applications doping concentration of lodine may
be increase from 0.1 16 98.9% through the deposited film.
[01185] Comparing the F1s and 13d peaks during XPS& shown in Table §, depth profile
on the a-C substrate (in FIG. 7, the y-axis are shown the counts per second and the x-axis
the binding snergy (eV)).

s fluorine deposits superficially forming a thin IFC (lodo-fiuorocarbon) polymer (F1s up

to 120 sec Ar eich),

+ jodine penetrates deeper in the 8-C mask (13d up to 500 sec stch).
[01168]  Thus, iodine and oxygen species and helps preserve the a-C mask while etching,
by modifying the surface and doping iodine into the a-C layer. Also, indine helps minimize
the damage by strengthening the a-C mask. In addition, the oxygen-containing species help
retain and incorporating higher percentage of ioding in the pattern mask increasing the etch
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resistance of the pattern mask

01171 To prove the repeatability, each etching test have been repeated three times.
Standard deviation of the average of the three measuremeants is shown as error bar in FIG.
4. Although the subject matter described herein may be described in the context of
Hiustrative  implementations o process one or more  computing  application
features/operations for a computing application having user-interactive components the
subject matter is not Hmited to these particular embodiments. Rather, the technigues
describad herein may be applied to any suitable type of user-inferactive componeni
execution management methods, systems, platforms, andfor apparatus.

[0118} itwill be understood that many additional changes in the details, materials, steps,
and arrangement of parts, which have been herein described and illustrated in order 10
explain the nature of the invention, may be made by those skilled in the art within the
principle and scope of the invention as expressed in the appended claims. Thus, the
present invention is not intended 1o be limited {o the specific embodiments in the examples
given above andfor the attached drawings.

(01491 While embaodiments of this invention have been shown and described,
modifications thereof may be made by one skilled in the art without departing from the spirit
or teaching of this invention. The embodiments described herein are exemplary only and
not limiting. Many variations and modifications of the composition and method are possible
and within the scope of the invention. Accordingly the scope of protaction is not fimited 1o
the embodiments described herein, but is only limited by the claims which follow, the scope
of which shall include all equivalenis of the subigct matier of the claims.
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What is claimed is:

1. A method for forming a pattemed structure, the method comprising the steps of

a) introducing a vapor of an oxygen and iodine-containing efching compound
into a reaction chamber that contains a substirate, the substrate having a silicon-
containing film deposited therson and g patterned mask layer deposited on the silicon-
containing layer,

wherein the oxygen and iodine-containing etching compound has the formula
CaHiFyl:Oe, wherein 0sns 10, 0sx <21, 03y 521, 1szs4and 1552

b) activating a plasma o produce an activated oxygen and iodine-containing
gtching compound; and

c) allowing an etching reaction io proceed between the activated oxygen and
iodine-containing etching compound and the silicon-containing film o selectively etch the
silicon-containing film from the patlernad mask layer, thereby forming the pattermned

struciure.

2. The method of claim 1, wherein the step ¢} comprising the step of:

maodifying the patterned mask layer or doping iodineg from iodine ions produced
from the activated oxygen and iodine-containing etching compound into the patterned
mask layer,

3 The method of claim 1, further comprising the step of infroducing an inert gas into
the reaction chamber, wherein the inert gas is selected from the group consisting of He, Ar,
Xe, Kr, Ne and Nz

4, The method of claim 1, further opticnally comprising the step of introducing an
oxidizer into the reaction chamber, wherein the oxidizer is selecied from Oz, Os, CO, COy,
NO, N2O, NG, H20, Ha(Op COS, 80; and combinations thereof.

5. The method of claim 1, wherein the oxygen and icdine-containing etching
compound is CsF71O and s isomers,

8. The method of claim 1, wherein the silicon-cortaining film comprises a layer of

silicon oxide {Si0), silicon nitride (SiN), crystallineg 3i, poly-silicon (p-Si), polycrystaliine
silicon, amorphous silicon, low-k SICOH, SIOCN, SIiC, 50N, Sia0H:CulNe, where a>0; b,
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¢, d and e 2 0, alternating SIO and SiN (ONON) layers, or alternating SiO and p-Si
(OPOP) layers.

7. The method of any one of claims 1 to &, wherein the oxygen and iodine-containing
etching compound plasma efches the altemating Si0 and SiN (ONON) layers having a
selechivity between approximately 1.2 {o approximately 2.1 with respect to the 8i0O layer
versus SiN layer.

8. The method of any one of claims 1 to 8, wherein the oxygen and iodine-containing
etching compound plasma etches the alternating SO and p-5i1 (OPOP) layers having a
selectivity betweean approximately 1.2 to approximately 2.1 with respect to the Si0 layer
versus p-Si layer.

a. The method of any one of claims 1 to §, whereain the patierned mask layeris a
carbor-containing layer, an amorphous carbon layer, a doped amorphous carbon layer, a
photoresist layer, an anti-reflective layer, an organic planarization layer, or combinations
thereof.

1. The method of any one of claims 1 o &, further comprising introducing an
additional etch gas into the reaction chamber, wherein the additional etch gas is selecied
from the group consisting of cCaFs, CaFs, cCsFe, CsFs, CaFe, OF s, CHAF, CFaH, CHZF,,
CalHFy, CaFs CaMaFs, CsHalF s, CalHaFs, CaHFy CsHFg CsFes, CaFs, CFal, CaFsl, CoFsl, CsFol
J1-lodoheptafiuoropropans (1-CsF ), 2-lodoheptafluoropropans (2-CaFql), C4F8l, CaHF,
COS, FNO, F-CzN, C82, 80, SFs, trans-1,1,1,4 4 4-hexafluoro-2-butene (frans-CaHzFs),
cis-1,1,1.4,4 4-hexafluore-2-butene (¢is-CaHaFs), hexafluoroisobutene (CaHaFs), trans-
1,1,2,2,3 4-hexaflucrocyciobutane (frans-CaHaFs), 1,1,2,2, 3-pentafluorocyciobutane

hexafiucrocyclobutane (Cis-CeHoFg), or combinations thereof.

11, The method of any one of claims 1 to 6, wherein the patterned structure formed in
the silicon-containing film has an aspedt ratio between approximately 1.1 and
approximately 200:1.

12, A method for forming a pattemed structure, the method comprising the steps of.
a) introducing a vapor of CaF710 into a reaction chamber that contains a

7
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substrate, the substrate having a silicon-containing film deposited thereon and the
patterned mask layer deposited on the silicon-containing laver,

b activating a plasma to produce an aclivated CaF410; and

C) allowing an eiching reaction to proceed between the activated CaF70 and
the silicon-containing film to selectively etch the silicon-containing film from the patterned
mask layer, thereby forming the pattemed structure.

13.  The method of claim 12, wherein the step ¢) comprising the step of.
modifying the patterned mask layer by doping ioding from iodine ions produced
from the activated CsF710 into the patterned mask layer,

14, A method of modifying the surface of g substrate, the method comprising:

introducing a vapor of an oxygen and iodine-containing etching compound info a
reaction chamber that containg the substrate, the substrate having a silicon-containing
film deposited therson and the pattemned mask layer deposited on the silicon-containing
layer, wherein the oxygen and iodine-containing etching compound has the formula
ColhFuleCe, wherein 4sn =10, 02x 521, 0sy 221, 1szsdand 126 <2 and

giching the silicon-containing film from the patterned mask laver to form a
patterned structure using an activated oxygen and iodine-containing etching compound
formed by activating a plasma,

wherein ioding from iodine ions produced from the activated oxygen and iodine-
containing etching compound are dopead into the patterned hardmask layer while forming
the patterned structure in the substrate, thereby strengthening the pattemed mask layer
and minimizing damage of the patterned mask.

15. The method of claim 14, wherein the oxygen and ioding-containing etching
compound is CzF710 and ifs isomers.
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