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HiIGH CONDUCTIVE PASSIVATION LAYERS AND METHOD OF FORMING THE
SAME DURING HIGH ASPECT RATIO PLASMA ETCHING

Cross Reference to Related Applications
(0001} The present application claims the benefit of U.S. Application No. 17/135,216
filed December 28, 2020, being incorporated herein by reference in its entirety for all

PLIPOSES.

Technical Field
(00027 Disclosed are methods for forming a high conductive sidewall passivation layer on
sidewalis using elching gas as an additive by doping with §i, C, and/or ioding elements
andfor infreducing cyclic, aromatic, heterocyclic chemical structures during high aspect ratio

{HAR) plasma sich.

Background

[0003] Forover 50 years, Moore’s Law drives semiconducior manufacturers continuously
o shrink device feature sizes 10 increase the speed and capability of transistor/chips while
maintaining a cost advaniage over their competition. This brings new challenges in
fabrication processes (o successfully meet the demands of the ever-shrinking size and
dramatically increasing aspect ratio of the features. For example, the fabrication of three-
dimensional gate stack NAND flash memory (3D-NAND) requires the ability to eich small
hole features through 90+ NAND layers with an aspect ratio greater than 40. More than a
friflion holes need o be eiched on every wafer using extreme high aspect ratio (HAR) etch.
[0004] A vertical isotropy of etched features is obtained by ion fransport during plasma
sheath formation. In principle, positive and negative particles should have the same
frajectories inside a hole and equalize the charge at the HAR hole bottom. But dus {0
glectron shading effect, charge build-up at the bottom of HAR mask patierns, which can
lead to incomplete etching, bowing, twisting, and critical dimension (CD) variation between
the top and bottom of the HAR stack. Therefore, lots of efforis were made by industry and
are continuing to get rid of or minimize the sidewall charge-up during HAR stching, {0
improve the etch profile and CD conirol.

[000s]  Contact hele distortion is known to be caused by an asymmetric charging of the
contact hole sidewall, which changes the local electric field in the contact hole and alters
the direction of the reactive ions in the contact hole (see Kim et al., J. Vac. Sci. Technol. A,
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Vol 33, 021303-5 (2015) and Negishi et al, J. Vac. Sci. Technol. |2, Vol. 35, 051205 (2017)).
In HAR etch, ellipticity has been used to evaluate mask degradation. Higher ellipticity (close
ic 100%) may help avoid HAR hole twisting and reduce etch profile distortion.

[0008] Below are some examples of methods have been used {o tune the passivation
fayer properties during HAR etch, while the consequence that foliows naturally are 1)
increased complexity of the gas/chemical delivery setup to the process chamber; 2) poor
uniformity of passivation layer at the top and botiom HAR features; 3} chamber cleaning
issue —~ some metal containing polymer deposited on the chamber wall, which are hard to
be removed completely efe.

[0007] LS 20070048018 to Sandhu et al. discloses a method of HAR contact etching a
substantially vertical contact hole in an oxide layer using a hard photo resist mask is
described. The plasma etch gas is a hydrocarbon fluoride comprises one of CHaF g, CsFs;
CaHsls, CaFg, CHF3; CoFs, CaHFs, CHaF, or combinations thereof. The dopant molecule
comprises one of HI, CHal, carbon, potassium, calcium, PFs, BF: chioride, AsFs or
combinations thereof. The doped plasma etching gas siches a substantially verlical contact
hole through the oxide layer by doping carbon chain polymaers formed along the sidewalls
of the contact holes during the etching process into a conductive state. The conductive state
of the carhon chain polymers reduces the charge buildup along sidewalls {o prevent twisting
of the contact holes by bleeding off the charge and ensuring proper alignment with active
areg landing regions. The etching stops at the underlying Substrate.

[0008] US 7846846B2 to Bera et al. discloses a method of stching HAR contact openings
while preventing bowing or bending of the etch profile by forming a highly conductive thin
film on the side wall of each contact opening. The conductivity of the thin film on the side
wall is enhancead by ion bombardment carried out periodically during the etch process. The
gtchant is a fluorocarbon/fluorchydrocarbon gas comprising at least one of CaFa, CsFs,
CHoF2 or CsFs Ct1 to Cs saturated or unsaturated linear, branched, cyclic
hydrofluorocarbons, such as CaHeFs, CHF 3, CH2F2, or combinations thereof.

[o00g] LISS85431568 to Nikhil et al. discloses various methods, apparatus and systems for
forming a recessed feature in dielectric material on a substrate. In some cases the
protective coating is deposited using plasma assisted atomic layer deposition, a modified
plasma assisted atomic layer deposition, or plasma assisted chemical vapor deposition.
The etch chemistry is a combination of fluorocarbons and oxygen, CsFs, CaFa, No, CO, CFy,
and Q.. The protective layer is ceramic material or an organic polymer. For boron
containing materials, such as boron oxides (BxCy) and boron nitrides (BxNy), the reactants
include, but are not limited to, irisopropyl borate ([{CH3RCHORB), trimethylboron-ds
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(B{CDa}s), ele. For silicon containing materials, such as silicon oxides (3i0y) and silicon
nitrides (SkNy), the reactant may be, for exampie, a silane, a halosilane or an aminosilane.
{00107 The HAR eiching process became a key process for memory devices, [on energy
control by increasing the effective bias power for HAR features continues to advance. Great
effort was made to increase ion energies to overcome charge build-up on the efching front
inside HAR holes. Based on the trend of bias power in the past few vears, the required
powar currently would exceed 20 kW. Many challenges arise when the bias power is
increased. The prevention of arcing and effective cooling, and power delivery systems are
all critical for enabling high-power capability. Moreover, it is harder to compensate for
nieuiral fluxes with increasing aspect ratio, bacause the nautral spedcies are transferred only
by diffusion through the holes.

[o0i1]  Thus, there is a demand to achieve a high conductive sidewall passivation layer

with a reduced the bias power.

Summary
[0012] Disclosed are methods for forming a high aspect ratio (HAR) structure during a
HAR eich process in a substrate in a reaction chamber, the method comprising:
sequentially or simultansously exposing the substrate 1o a vapor of an stchant including
a hydrofluorocarbon or fluorocarbon compound and an additive compound, the subsirate
having a film disposed thereon and a pattemned mask layer disposed on the film;
activating a plasma 1o produce an activated hydrofluorocarbon or fluorocarbon
compound and an aclivated additive compound; and
allowing an etching reaction to procesd between the film uncovered by the pattemed
mask layer and the aclivated hydrofluorocarbon or flucrocarbon compound and the
activated additive compound to selectively eich the film from the patierned mask layer,
thereby forming the HAR pafterned structire. The disclosed methods may include one or more
of the following aspects:
e further comprising the step of infreducing an oxidizer into the reaction chamber,
wherein the oxidizer is selected from Oz, Oz, CO, COg, NO, N2O, NG2, HzO, Ho0s,
COS5, 50, and combinations thereof;
= the oxidizer being Oz,
e the oxidizer being Oz,
s the oxidizer being CO;
« mxing the stching compound, the additive and the oxygen containing gas prior o
introduction to the chamber {0 produce a midxure;
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s introducing the eiching compound and the additive separately from the oxygen
containing gas;

s introducing the oxygen containing gas continuously and infroducing the iodine-
containing etching compound,

= {heoxygen containing gas comprising approximataly 0.01% vy fo approximately 98.9% wiv
of a total volume of the stching compound, the additive and oxygen containing gas;

« theoxygen containing gas comprising appraxdmately 8.019% vy to approximately 10% vivof
atotal volume of the elching compound, the additive and oxygen containing gas,

s comprising the step of infroducing an inert gas into the reaction chamber, wherain
the inert gas is selectad from the group consisting of He, Ar, Xe, Kr, Ne and Ny,

= the inert gas being Ar

e the inert gas being Xe;

s the inert gas being Kr;

«  ming the stching compound, the additive and the inert gas prior o introduction (o the
chamber to produce a mixiure,

= infroducing the etching compound and the additive separately from the inert gas;

s introducing the inert gas coniinuously and infroducing the etching compound and the
additive in puises;

« {he inertgas comprising approximately D.01% viv 10 approkimately 99.8% viv of a tolal volume
of the vapor of the etching compound, the additive and inert gas,

« {heinert gas comprising approxdmately 80% viv 1o approxdimately 89% viv of a total volume of
the vapor of the efching compound, the additive and inert gas;

s the substrate being a Si wafer;

« the subsirate being a crystalline silicon layer,

s forming the patterned structure,

« the patterned structure being 30D NAND apertures,;

e the pattermned structure being contact holes;

« the patterned structure baing 30 NAND contact holes;

s the pattemed structure being DRAM contact;

« the patterned structure being channel holes;

e the pattemed structure being 30 NAND channel holes,

« the patterned structure being 30 NAND siit contact;

e the aperture being staircase confacts,

« the aperture being self-aligned contact;

e the aperture being self-aligned vias;
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s the aperiure being super vias;

s {heplasma activated fluorocarbon compound and aclivated additive compound reacting
with the film to form volatile by-products;

« {he voliatile by-products being removed from the reaction chamber,

= & high conductive sidewall passivation layer being formed on sidewalls of the HAR
patternad structure;

« a conductivity of the high conductive sidewall passivation layer formed with the
activated hydrofiuorocarbon or fluorocarbon compound and the activated additive
compound being at least approximately 10% higher than the conductivity of the high
conductive sidewall passivation layer formed with the activated hydroflucrocarbon
or fluorccarbon compound without the addition of the activated additive compound,

= the hydrofluorocarbon or fluorocarbon compound including CFs, CHaF, CoFs, CaFs,
CoHFs, CsFa, CoFs, CsFs, CaFs, C1 1o Cs saturated or unsaturated linear, branched,
cyclic hydrofluorocarbons, such as CaHaFs, CHF s, CHoF 5, or combinations thereof,

s the hydrofluorccarbon or fluorocarbon compound being CaHzFe;

« the additive compound containsg silicon, carbon and/or iodine elements having the
foliowing formuia;

CaRTRERY,
SIRTRZRY,
SIRTIRZLEF 0.,
SiRLF s,
SilF s, O
CoFnenl
whaereinn=11t0 10, x=1-2;y=1-3; 2= 1-3; R, R!, R2 and R® each are independently
selected from H, Ci-Cip linear, branched or cydlic, saturated or unsaturated,
aromatic, heterocyclic, partially or fully fluorinated, substituted or unsubstituted alkyl
groups; R and R?, R2 and R? or R and R? may also be iinked to form a cyclic group;

¢ the additive compound being selected from
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e the disclosed additives CoFanenl including  F F OF
s the additive compound being selected from
lodo-methane CHsl (CAS No.: 74-88-4),
fodo-benzene CsHsl (CAS No.: 591-50-4),
2-icdopropane CaHql (CAS No.: 75-30-9),
1-lodopropane CsHyl {CAS No.: 107-08-4),
1-iodoethane CaHst (CAS No.: 75-03-8),
Ferflucrobutyl iodide CsFql (CAS No.: 423-38-2),
Difiucroiodomethane CHIF, {CAS No. 1493-03-4),
Difivoroiode{pentaflucroethyl)-silane CoF 7181 (CAS No.: 36872-59-8),
1-{diftuorciodosilyl}-2-methyl-benzene CyH,F2i51 (CAS No.: 174711-76-3),
Difiucroiodo{trifluoromethyl)-silane CFsISE {CAS No.: 27668-68-4),
Triethyliodo-silane CsHisISi (CAS No. 1112-48-8),
Fluorgtriiodo-silane FisSi (CAS No.: 16865-60-4),
Bifluorobiiodo-silane Fal2Si (CAS No.: 27869-15-4),
Triftuorcicdo-silane F3lSi (CAS No.: 27668-68-4),
{odotrimethyi-sitane CsHalSi {CAS No.: 16029-88-4), or
Diiodositane SiHal, (CAS No.: 13760-02-8);
+ the additive compound being iodo-methane CHal (CAS No.: 74-86-4);
s the additive compound baing lodo-benzene CeHsl {TAS No.: 581-50-4);
= the additive compound being 2-iodopropane Cabizt (CAS No.: 75-30-9);
s the additive compound being 1-lodopropane CaHyl (CAS No.: 107-08-4);
s the additive compound being 1-iodoethane CoHsl (CAS No.: 75-03-6,
s the additive compound being Perfluorabuty! iodide CaFol (CAS No.: 423-38-2);
= the additive compound being Difluoroicdomethane CHIF2 (CAS No.: 1483-03-4);
e the additive compound being Diflucroiodo(pentafluoroethyl)-silane CoF7ISi {CAS
No.: 36972-59-5);
¢ the additive compound being Difluoroicdo{pentaflucroathyl)-silane C,F:S1 (CAS
No.: 38972-59-5);
e the additive compound being 1-{difluorciodosilyl)-2-methyi-benzene CrH:FASH{CAS



WO 2022/146697 PCT/US2021/063683

No.. 174711-78-3);

= the additive compound being Diflucroicdo({trifiuoromethyi)-silane CFsISH (CAS No.:
27865-88-4);

# the additive compound being Triethyliodo-silane CeHisiSi (CAS No.t 1112-49-8);

s the additive compound being Fluorofriiodo-silane FlaSi (CAS No.. 16885-60-4);

s the additive compound being Bifiuorobiiodo-sitane Folo5i (CAS No.: 27669-15-4);

» the additive compound being Triflucroicdo-silane F2iSi (CAS No.: 27668-68-4);

= the addilive compound being lodotrimethyl-silane CaHelSi (CAS No.: 16028-08-4);

e the additive compound being Dilcdosilane SiHalo (CAS No.: 13760-02-6};

+ the film being a silicon-containing film that contains O and/or N and optionally
contains dopanis such as B, C, P, As Ga, In, Sn, Sb, Bi and/or Ge, and combinations
thereof;

e the film being a silicon-containing film that contains O;

e the film being a silicon-containing film that contains N;

« the film being a silicon-containing film that optionally contains dopants such as B, C,
P, As Ga, in, Sn, 8h, Bi andfor Ge, and combinations thereof:

s the silicon-cortaining film being comprising a layer of silicon oxide (SIOQ), silicon nifride
{SiN}, crystalline Si, paly-silicon {p-3i), polycrystalline silicon, amorphous silicon,
jow-k SICOH, SIOCN, SIC, SION and Sia0OpHCalNe, where a>0, b, ¢, dand e = {,
alternating SIO and SiN (ONON) fayers, alternating SIO and p-Si (OPOP) layers;

« the siicon-containing flm comprising oxygen, nitrogen, carbon, hydrogen, or combinations
thereof;

»  the siiconcontaining lm being SICNHCk, wherain x ranges from 0o 2, v rangss
from G io 4, z ranges from 0 to about 1 and k ranges from 0 to 1

» the silicon-containing film comprising a Si0 layer,

= the silicon-containing film being a SiN layer,

e the siliconcartaining film comprising alternating S0 and SIN {ONON) layers;

s the silicon-containing flm comprising alternating Si0 and p-5i (OPOP) layers;

s the slicon-containing film comprising dopants such as B, C, P, As Ga, In, Sn, 8b, Bi
andfor Ge;

« the alternating lavers comprising a layer of silicon oxide, silicon nitride, polysilicon, crystaliine
silicon, SIOCH, SION, SL.OuCeNaHe (where a>0; b, ¢, d and & z 0) or combinations thereof,

+ the altemating layers comprising oxygen aloms, nitrogen atoms, carbon atoms, hvdrogen

atoms or combinations thereof,
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the altemnating layers being a silicon containing film;

the alternating layers comprising a layer of silicon oxide and a layer of silicon nitride;

the allermnating layers comprising allemating layers of silicon oxide and silicon nitride;

the altermnating layers being altemating layers of silicon oxide and silicon nitride;

the alternating layers comprising a layer of silicon oxide and a layer of polysilicon;

the altemating layers comprising altemating layers of silicon ide and pdlysificon;

the gliemating layers being altemating layers of silicon axide and polysilicon;

the altemating fayers being selectively etched from the hardmask layer,

the alternating layers being selechively stched from an a-C layer;

the altermnating layers being selectively efched from a doped carbon layer,

the alternating layers of silicon oxide and silicon nitride being seleclively etched
from an &-C layer;

the alternating layers of silicon oxide and silicon nitride being seleclively etched
from a doped carbon layer,

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

the altemating layers of silicon oxide and polysilicon being selectively etched from
a doped carbon layer,

the silicon oxdide layer being selectively etched from the hardmask layer;

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

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

the silicon nitride layer being selectively etched from the hardmask layer,

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

the silicon nitride layer being selectively eiched from a doped carbon laver;

the polysilicon layer baing selectively eiched from the hardmask layer,

the polysilicon layer being selectively efched from an a-C layer,

the polysilicon layer baing selectively elched from a doped carbon layer,

the silicon-containing film being selectively etched from an amorphous carbon layer,
a doped amorphous carbon layer, a photoresist layer, an anti-reflective layer or
organic planarization layer,

the silicon oxide layer is selectively etched from an amorphous carbon laver, a doped
amorphous carbon layer, a photoresist layer, an anti-reflective layer or organic
planarization layer;

the etching compound etching both the silicon oxide layer and the silicon nitride layer

10
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with high etch rates,

= the patterned mask layer being an a-C layer, a doped a-C layer, a photoresist layer,
an anti-reflective layer, an organic planarization layer, a poly-Si laver, a metal oxide
layer such as Ti, Al, Zr, Hf efc. oxide, and combinations thereof,

s 3 hardmask layer being disposed on the silicon-containing layer,

« the hardmask layer being a patiemed hardmask layer,

e the hardmask layer being an amorphous carbon layer, a doped amorphous carbon
layer, a photoresist layer, an anti-reflective layer, an organic planarization layer or
combinations thereof,

« the hardmask layer being a layer of CVD, PECVD, ALD, PEALD or spin on deposited
{SOD) amorphous carbon or doped amorphous carbon, siticon-containing spin on
mask, or carbon-containing spin on mask;

e the hardmask layer being an amorphous carbon {a-C) layer,

s the hardmask layer being a doped carbon layer,

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

e the doped amorphous carbon layer being a tungsten-doped a-C layer;

¢ the HAR patterned structure formed in the film having an aspect ratio between
approximately 1:1 and approximately 200:1;

e the HAR patterned structure formed in the film having an aspect ratio between
approximately 1.1 and approximately 20:1;

e the HAR patterned structure formed in the film having an aspect ratio between
approximatsly 21:1 and approximately 60:1;

s the HAR patterned structure formed in the film having an aspect ratio between
approximately 21:1 and approximately 200:1;

e the HAR patterned structure formed in the film having an aspect ratio between
approximately 861.1 and approximately 200:1;

= further comprising infroducing an additional eich gas into the reaction chamber,
wherein the additional efch gas is selected from the group consisting of cCyfFs,
CaFg, cCsFs, CsFs, CaFs, CF4, CHsF, CF3H, CHzF2, CaHF7 CaFe, CaHaFs, CaHaFs,
CaHaFs, CaHF7 CsHFg, CaFe, CaFg, CFal, CoFsl, CaFel, CsFol 1-
{odoheptafiuoropropane (1-CsFsl), 2-lodoheptaflucropropans {(2-CsF i), CaHFy,
COS8, FNO, F-CEN, T8y, 80y, 8Fs, trans-1,1,1,4.4,4-hexafiuoro-2-butene {(frans-
CaHaFe), cis-1,1,1,4,4,4-hexaflucro-2-butens (¢is-CaHaFs), hexafluorcisobutene
(CaHaFs), trans-1,1,2,2,3, 4-hexafluorocyclobutane (trans-CiHoFs), 1,1,2,2,3-
pentafluorocyciobutane (CsHaFa), 1,1,2, 2-tetrafluorocyclobutane (CsHsFy), and cis-

11



WO 2022/146697 PCT/US2021/063683

1,1,2,2,3,4-hexaflucrocyclobutane (¢is-CsHaFs), and combinations thereof,
« introducing the efching compound and the additive separately from the additional efch
gas;
s adding approxdmately 0.01% viv to approximately 99.99% v of the addiional efch gas 1o
the etching compound and the additive;
+ aclivating the plasma by applying RF power,
e activating the plasma by a RF power ranging from approximately 25 W o approximatsly
100,000 W,
= the bias power being low by using the additives with the hvdrofluorocarbons or
fluorocarbons, comparing to the etching without additives;
= the bias power being lower at least approximately 10% by using the additives
with the hydrofluorccarbons or fluorccarhons than the case without using the
additives;
s elching pressure ranging from approximately 1 mTormr to approximately 100 Tor,
s elching pressure ranging from approximately 1 mTom o approxdmately 50 Torr,
s giching pressure ranging from approximately 1 mTorr to approximately 10 Tor,
s eiching pressure ranging from approximately 1 mTorr to approximately 50 mTor,
s introducing the vapor of the efching compound and the additive &t a flow rate ranging
from gpproximately 0.1 scom to approximately 1 s,
s infroducing the vapor of the etching compound at a flow rate ranging from
approximately 0.1 scom o approximatsly 1 shn;
s infroducing the vapor of the additive a a flow rate ranging from approximately 0.1
seom o approximately 1 simy;
s maintaining the substrate at a femperature ranging from gpproximately -100°C fo
appraximately 500°C;
s maintaining the substrate at atempersture ranging from approximately 20°C to approximately
150°C;
e maintaining the substrale at a temperatwe ranging from approdimately 20°C fo
approximately 110°C,; and
s measuring the eiching compound under plasma by Quadrupole mass spectrometer,
opiical emission spectrometer, FTIR, o other radicalfion measurement tool.
(00131 Also disclosed are methods for forming a HAR patterned structure, the method
comprising the steps:
sequentially or simultaneously exposing the substrate o a vapor of CaHeFs and CHsl, the
subsirate having a film disposed thereon and a paiterned mask layer disposed on the film;

12
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activating a plasma {o produce an activated CsHaFs and an activated CHsl; and
allowing an etching reaction to proceed between the film uncovered by the

patterned mask layer and the activaied C4HzFs and the CHsl to selectively eifch the film

from the patlterned mask iayer, thereby forming the HAR pailtemed structure. The disclosed

methods may include one or more of the following aspects:

®

[0014]

further comprising the step of infroducing an oxidizer into the reaction chamber,
wherein the oxidizer is selected from Qg Os, CQO, CO2, NO, N2QO, NO2, H20, H202,
CO%, 80z and combinations thereof;

further comprising the step of introducing an inert gas into the reaction chamber,
wherein the inert gas is selected from the group consisting of He, Ar, Xg, Kr, Ne and
Nz,

a high conductive sidewall passivation layer being formed on sidewalls of the HAR
patiemed structure;

a conductivity of the high conductive sidewall passivation layer formed with the
activated CsHoFs and the activated CHsl being at least approximately 10% higher
than the conductivity of the high conductive sidewali passivation layer formead with
the activated CiHoFs without the addition of the activated CHal;

the HAR patterned structure formed in the film having an aspect ratio between
approximately 1.1 and approximately 200:1;

further comprising introducing an additional etch gas inte the reaction chamber,
wherein the additional efch gas is selected from the group consisting of cCafFs,
CaFs, cCsFs, CsFa, CaFs, CF4, CHaF, CFaH, CH2F2, CaHF7 CaFs CaboFs, CaMaFs,
CaHaFs, CiHF7, CsHFg, CaFe, CaFg, CFal, CoFsl, CaFel, CaFol 1-
{odoheptafiuoropropane (1-Csk7l), 2-lodoheptafiuoropropane (2-CsFil), CaHFy,
COS, FNO, F-CaN, C8,, 80», SFs, trans-1,1,1,4,4,4-hexafluoro-2-butene {{rans-
CaHaFe), cis-1,1,1,4,4,4-hexaflucro-2-butens (¢is-CaHaFs), hexafluorcisobutens
{CaHaFg), trans-1,1,2,2, 3, 4-hexafluorocyclobutane (frans-CaHaFs), 1,1,2,2,3-
pentafluorocyciobutane (CsHsFs}, 1,1,2, 2-tetrafluorocyclobutans (CaHaF4}, and cis-
1,1,2,2 3 4-hexafluorocyclobutane {¢is-CaHFe), and combinations thereof;, and

the film being a silicon-containing film that contains O and/or N and optionally
contains dopanis such as B, C, P, As Ga, In, 8n, 8Sb, Bi and/or Ge, and combinations
therecf.

MNotation and Nomenclature
The following detailed description and claims utilize a number of abbreviations,

13
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symbols, and terms, which are generally well known in the art, and include:

[0015] As used herein, the indefinite article "a” or “arn’” means one or more.

[0016]  As used heregin, “about’ or “ground” or “approximately” in the text or in a claim
means £10% of the vaiue stated.

(00177  As used hersin, “room temperature” in the text or in a claim means from
approximately 20°C to approximatsly 25°C.

(00181 The term “wafer” or "palterned wafer” refers to a wafer having a stack of any
axisting films including silicon-containing films on a substrate and a pattermed hardmask
fayer on the stack of any existing films including silicon-containing films formed for pattemn
gtch,

[0019] The term “subsirate” refers o a material or materials on which a process is
conducted. The subsiraie may refer {0 a wafer or a patterned wafer having a material or
materials on which an etching process is conducted. The substrates may be any suitable
wafer used in semiconductor, photovoltaic, flat panel, or LCD-TFT device manufacturing.
The substrate may also have oneg or more layers of differing materials already deposited
upon it from a pravious manufacturing step. For example, the wafers may include silicon
layers {e.g., crystalling, amorphous, porous, etc.), silicon containing layers (&.g., SOy, SiN,
SION, SICOH, ete), metal containing layers {(e.g., copper, coball, ruthenium, tungsten,
indium, platinum, palladium, nickel, ruthenium, gold, eic) or combinations thereof.
Furtharmore, the substrate may be planar or palternad. The substrate may be an organic
patternad photoresist film. The substrate may include layers of oxides which are used as
dislectric materiais in MEMS, 3D NAND, MIM, DRAM, or FeRam device applications {for
axample, Zr0, based materials, HO: based materials, Ti0: based materials, rare earth
oxide based materials, ternary oxide based materials, etc.), nitride-based films (for example,
TaN, TiN, NbN) that are used as electrodes, or metal-containing or metal-alloy-based films
{(forexample, InGaAs, IOy r=0.510 1.5, y=0.510 1.5}, InSn0 (ITO}, InGaZn0 (G20}, InN,
NP, InAs, InSb, INSs, or In{OH)s, et} that are the stronger contenders for the future
replacement of silicon in CMOS systems. One of ordinary skill in the art will recognize that
the ferms “film” or "layer” 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 o a5 substrates.
{00207 Theterm "patiern elch” or "patterned etch” refers 1o elching a non-planar structure,
such as a stack of silicon-containing films below a patterned hardmask layer.

(00211 As used herein, the term "etch” or "etching” means o use an eiching compound
andfor a plasma to remove material via ion bombardment, remote plasma, or chemical
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vapor reaction between the eiching gas and substrale and refers {0 an isolropic eiching
procass andfor an anisotropic etching process. The isotropic etch process involves a
chemical reaction between the etching compound and the subsirate resuiting in part of
material on the substrate being removed. This type of etching process includes chemical
dry etching, vapor phase chemical etching, thermal dry efching, or the like. The isotropic
eich process produces a lateral or horizontal etch profile in a substrate. The isolropic elch
process produceas recesses or horizontal recesses on a sidewall of a pre-formed aperiure
in a substrate. The anisotropic etch process involves a plasma eiching process {(ie, a dry
eich process) in which ion bombardment accelerates the chemical reaction in the vertical
direction so that vertical sidewalls are formed slong the edges of the masked features at
right angles fo the substrate (Manos and Flamm, Thermal etching an Introduction,
Academic Press, Inc. 1889 pp.12-13). The plasma eiching process produces a vertical efch
profile in a substrate. The plasma elching process produces vertical vias, aperiures,
trenches, channel holes, gate frenches, staircase contacts, capacitor holes, contact holes,
slit etch, self-aligned contact, self-aligned vias, super vias efc,, in the substrate.

[0022] The term "mask” refers to a layer that resisis etching. The mask layer may be
focated above the layer (o be etched. The mask layer aiso refers o g hardmask layer. The
mask layer may be an amorphous carbon (a-C} layer, a doped a-C layer, a photoresist layer,
an anti-reflective layer, an organic planarization layer, and combinations thereof, The mask
laver may also be a silicon layer, such as poly-8i, metal oxide such as Ti, Al, Zr, Hi, stc.
oxide, and combinations thereof.

[0023] The term "aspect ratio” refers to a ratio of the height of a trench (or aperture} (o the
width of the trench {or the diameter of the aperture).

[0024] The term “eich stop” refers 1o a laver below the layer 10 be etched that protects
fayers underneath.

(00257 The term “device channel” refers to lavers that are part of actual device and any
damage to it will affect device performance.

[0028] The term "seleclivity” means the ratio of the sich rate of one material 1o the eich
rate of another material. The term "seleclive etch” or "selectively etch” means to etch one
material more than another material, or in other words {0 have a greater or less than 1:1
atch seleclivity betwsen two materials.

[0027] The terms “vig’, “aperture”, “trench”, and “hole” are sometimes used
interchangeably, and generally mean an opening in an interlayer insulator,

[0028] The term “low bias power” or “‘reduced bias power” refers {0 a bias power lower
than a baseline process.
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[0029] The term “additive” used herain refers to g compound or gas that is added to other
efching compounds and provides some improving characteristics of the etch such as
improving the profile characteristics, such as bowing, CD, ellipticity, elc.

{00307 The term "ellipticity” used herein refers to a method (o measure mask degradation,
where in an atch application, the eilipticity of the eiched hole was estimated by {the short
hole width / the long hole width) * 100% for simplicity; therefore, the ellipticity of the complete
circular shape was defined as 100%.

(00311 As used herein, the abbraviation "NAND" refers to a "Negated AND" or "Not AND"
gate; the abbreviation "20" refers {0 2 dimensional gate structures on a planar substrate;
the abbreviation "3D" refers to 3 dimensional or vertical gate structures, wherein the gate
structures are stacked in the vertical direction.

[0032] The term “mercury probe” used herein refers {0 an electrical probing device fo
make rapid, non-destructive contact o a sample for electrical characterization. if the
mercury-sample contact is ohmic (non-rectifying) then current-voltage instrumentation may
be used to measure resistance, leakage cumrents, or currentvoltage characleristics.
Resistance may be measured on bulk samples or on thin films. The thin films can be
compaosed of any material that does not react with mercury. Diameter of the mercury contact
of the mercury probe used herein is 760um.

[0033] The term "conductivity” used herein is the reciprocal of elecirical resistivity and
represents the material's ability to conduct electric current. The unit of electrical conductivity
used herein is Siemens per centimeter (S/cm). It is measured using a mercury probe and
calculated from the current-voltage curve under the electrical field of 0.2MViom using the

solution of ¢ = ‘i,% where ¢ is conductivity, | is current measured by mercury probe; T is
thickness of the polymer; A is the contact area of the mercury probe. Electrical field is
defined as applied voltage divided by polymer thickness. For example, in Fig 10, when the
electrical fisld is 0.2 MV/cm, the measured current is 1.82x10" Amp. The conductivity of
CAFS8 polymer is calculated a8 2.14x10° S/om.

{0034 The term “high conductive sidewall passivation layer” used herain refers to an
electrical conductivity of the sidewali passivation layer above the conductivity of CyFs
polymar, which is calculatad as 2.14x10° S/em .

[0035] Note that herein, the terms “film” and "laver” may be used inferchangeably. it is
understood that a film may correspond to, or related to a layer, and that the layer may refer
o the film. Furthermore, one of ordinary skill in the art will recognize that the terms "film” or
“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 1o as small as a trench or
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aline.

[o038] Note that herein, the terms “etching compound”, “etchant”, “efching gas” and
‘process gas” may be used interchangesably when the eiching compound is in 8 gaseous
state under room {emperature and ambient pressure. | is undersicod that an eiching
compound may correspond to, or related {0 an eiching gas or an etchant or a process gas,
and that the efching gas or the eichant or the process gas may refer {o the etching
compound.

(00377 The standard abbreviations of the elements from the pericdic table of elements are
used herein. it should be understocd that slements may be referred to by these
abbraviation {e.g., Si refers to silicon, N refers o nitrogen, O refers {o oxygen, C refars o
carbon, H refers 1o hydregen, F refers to fluorine, efc.).

[0038] The unigue CAS registry numbers {i.e., "CAS”) assigned by the Chemical Abstract
Service are provided to identify the specific molecules disclosed.

(00381 Please note that the silicon-coniaining films, such 3s SIN and Si0O, are listed
throughout the specification and claims without reference o their proper stoichiometry. The silicon-
containing fims may include pure silicon (Si) lavers, such as orystaline S, poly-silicon (p-Si or
polycrystalline Si), or amorghous silicon; silicon nitride (SN} layers; or silicon oxide (Si0Ow) layers;
ormixtures theredf, wherein k, |, m, and n, inclusively range from 0.1 {o 6. Preferably, silicon nitride
is SikN;, where k and | each range from 0.5 10 1.5, More preferably silicon nitride is SiaNg4. Herein,
SIN in the following description may be used to represent SNy containing layers. Freferably
silicon oxide is 3inOm, where n ranges from 0.5 to 1.5 and m ranges from 1.5 10 3.5 More
preferably, silicon oxide is Si0,. Herein, SiO in the following description may be used ©
represent SO containing layers. The silicon-containing film could also be a silicon oxide
based dielectric material such as organic based or silicon oxide based low-k diglectric materials
such as the Black Diamond If or Il material by Applied Materials, Inc. with a formula of SiOCH.
Silicon-containing film may also include Si.0N: whers &, b, ¢ range from 0.1 to 6. The silicon-
containing films may also include dopants, such as B, C, P, As, Ga, In, Sn, Sb, Bi and/or Ge,
and combinations thereof.

[0040] The term “independently” when used in the context of describing R groups should
be understood to denote that the subject R group is not only independently selected relative
o other R groups bearing the same or different subscripts or superscripts, but is also
independently selected relative to any additional species of that same R group. For
exampie in the formula MR (NRZR 4., where M is an atom, x is 2 or 3, the two or three
R groups may, but need not be identical to each other or fo R2or to K3 Further, it should
be understood that unless specifically stated otherwise, values of R groups are independent
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of @ach other when usad in different formulas.

[0041] Ranges may be expressed herein as from about one particular valug, and/or to
about another particular value. When such a range is expressead, itis to be understood that
another embodiment is from the one particular value and/or {0 the other particular value,
along with all combinations within said range.

[0042] 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 embodiment of the invention. The appearances of the phrase "in
one embodiment” in various places in the specification are not necessarily all referring to
the same embodiment, nor are separate or alternative embodiments necessarily mutually
exclusive of other smbodiments. The same applies o the term “implementation.”

Brief Description of the Drawings

[0043] For a further understanding of the nature and objecis of the present invention,
reference should be made (¢ the foliowing detailed description, taken in conjunction with
the accompanying drawings, in which like elements are given the same or analogous
reference numbers and wherein:

FIG. 1 is conductivity of CaHaFs with and without an additive CHsl measured on a
planar wafer,

FIG. 2 is conductivity of CsHaFe with and without an additive CaFel measured on a
planar wafer,

FIG. 3 is conductivity of CsHaFs with and without an additive SiHal> measured on a
planar wafer,

FIG. 4is a comparison of ER and selectivity of C4HzFs with and without CHs| additive,
respectivaly;

FIG. § is a comparison of sidewall bowing of C4HoFs with and without CHsl additive;

FIG. & is a comparison of ellipticity of CsHoFs with and without CHsl additive,

FIG. 7 is 2 comparison of critical dimension (CD) of CiHaFe with and without CHal
additive with a bias power of 7000W,;

FIG. 8 is a comparison of CD of CyHeFs with and without CHsl additive with a bias
power of 5600W,

FIG. 9 is a comparison of CD of CiHoFs with and without CHal additive with a bias
power of 4200W, and

FIG. 10 is various polymer chemical compositions and polymer electrical

conductivities.
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Description of Preferred Embodiments

jon4d]  Disclosed are methods for forming a high conductive sidewall passivation layer on
sidewails using etching gas as an additive by doping with i, C, and/or iodine elements in a
high aspect ratio (HAR) plasma etch process. The disclosed methods use an additive or an
additive chemical in the HAR plasma etch process o form the high conductive sidewall
passivation fayer by doping with 5i, C, and/or iodine elements. The high conductive sidewall
passivation fayer may be a polymer passivation layer. The conductive state of the polymer
passivation layer reduces the charge buildup along the sidewslls to prevent twisting of the
HAR structures such as holes by bleeding off the charge and ensuring proper controi of
critical dimension (CD) variation at low bias power level or iess 10 no bias powsr. By
applying the additives, the bias power may be lower at least approximaisly 10% than the
case without using the additives, or gven no bias power is required.
[0045] The disclosed methods could also be considered as a low bias energy plasma
etching, since with minimized sidewall charge, less plasma bias power is required for
reactive ions {o reach the bottom of HAR trench. In addition, the disclosed etching gases or
processing gases including additives do not contain any hard-to-clean elements, which also
mirimize reaction chamber contaminations and reduce tool maintenance/down times.
[0048] The disclosed methods relate to plasma eiching a patterned wafer or a substrate
using a hydrofluorocarbon elchant gas and an additive gas under a reduced bias power for
a predetermined time. The predetermined time may range from O s to 1000 s for stabilizing
the prassure and gas flow in the chamber prior {o activating a plasma,
[0047] The disclosed additives or additive chemicals contain Si, C, and/or iodine elements
having the following formuia:

CRIRERY,

SIRTRZRY,

SIRTRZLF 0.,
SiRILF @y,
SilF g, OF
CoF e

whersinx=1-2; y = 1-3; 2 = 1-4; R, R', R?2 and R? each are independently selected from H,
D {Deauterium), C-Cop linear, branched or cydic, saturated or unsaturated, aromatic,
heterocyclic, partially or fully fluorinated, substituted or unsubstitfuded alkyl groups. R and
RZ R? and R? or R' and R? may also be linked to form a cyclic group.
[0048] The disclosed additives CR'R2R? above may include
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[0048] The disclosed additives SIR'RR® above may include
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[0051] The disclosed additives SIRIyF 3.y above may include
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[0052] The disclosed additives Sil,Fu.» above may inciude
i I Is

T T I S s. e f e Sl et
i |§ and r
[0083] The disclosed additives CnF gnenl include
F f F\(F -
PN
FE gl

[0084] Exemplary disciosed additives containing Si, C, and/or iodine elements are listed
it Table 1. These molecules are commaercially available or may be synthesized by methods
known in the art.  Their structure formula, CAS numbers and bailing points are included in
the Table. The disclosed additives containing with 3i, C, and/or iodine elements may also
include their isomers.

Table 1.
Name Farmula Structure CAS Na. Bailing Point
lodo-methane CHal CHy i 74-88-4 42 5°C
P e
lodo-benzene | CeHsl [ I 591-50-4 188.4°C
'\\\\1/‘)
|
2-iodopropane CsH i 75-30-9 20°C
I
1-lodopropane CsHit N 107-08-4 102.8°C
, AH; . .
1-iodoethane CoHsl CHa ~N 75-03-6 72°C
F FF
Perfluorcbutyl N
o y 1-CaFal ;*"‘Q{X\TQF 423-38-2 67.0°C
iodide £ £ F
Diftuoroiodomet
CHIF> 1493-03-4 21.6°C
hane

21



WO 2022/146697 PCT/US2021/063683

Difluorciodo{pe FobOFF
NV 52.1£35.0°C at
ntaflucroethyl}- | CoF7iSi PN N 36972-58-8
! AN pressure 760 Torr
silang
1- F\"S'/F *
{
(diflucroicdosilyl | CrHsF2 L -
\-2-methy! 5 R 174711-76-3 | 217.3+£33.0°C
~e-methyi- i T
benzene N
Difluorciodo(trifl F\ /,F
uoromethy!)- CFelSi | g ' | 27668684 | 443:300°C
silane R
Triethyliodo- I T R
| CotHystSi 7 1112-49-8 180.5°C
silane M
E 188°C
Fiuorotrijodo- v
" FisSi b §f e 16865-60-4 at pressure 752
silane
! Torr
k 84.5°C
Biftuorobiiodo- -
siiane Fal2Si F e §p o f 27668-15-4 | at pressure 756
i |
‘ Torr
t 44.3£30.0°C
Trifluoroiodo- _
i FalSi At . 27668-68-4 | at pressure 760
silane
F Torr
iodatrimethyl- , \ B
, CalHol S | e s oy 16026-98-4 106-107°C
silane e
|Gl
Diicdosiiane SiHal 13760-02-8 | 56-80°C

[0055] Since high volatility is preferred for efch gases, the high volatility is also reguired
for additive chemicals. As described above, small alkyl groups are used as substituents on
silicon for the additives, which provide the disclosed additives having high volatility. Another
advantage offered by using the alkyl substifuents is an increased likelihood of incorporating
carbon into the passivation of the sidewall due (o generation of poor carbon leaving groups.
The use of aromatic substituents on silicon is also proposed in novel molecules as inclusion
of aromatic groups into the passivation of the sidewall may lead o increased conductivity.
The substitution on the aromatic groups is also of interest as the slactronics of the aromatic
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ring may alter the conductivily. However, one skilled in the art will understand that low
volatility etch materials may also be used. The [ow volatility etch materials mat be used
through various methods such as hesting the source of the fow volatility etch material o
increase the volatility including heating a container or eylinder that contains the low volatility
etch material and gas lines that connect o the efching tool, using a bubbler method where
an inert gas bubbles through a liguid low volatility etch material, or the like.

[0088] The disclosed additives are suifable to engineer the passivation layer property
formed on the sidewalls of the high aspect ratio holesftrenches. The sidewall passivation
and downward etch occur simultaneously. The passivation layer may from the carbon
source in plasma etching gas, from the reactions betweean elching gases and the materials
being exposed, or from the redeposition of byproduct from the etch process. The additives
io the etchant strongly affect the chemical composition of the sidewall passivation by
introducing conductive slements and/or chemical bonds, thereby positively affect the
conductivity of the sidewall passivation. Over the course of plasma etching, the potential
the botiom of the structure charges positively while the sidewalls charge negatively, thereby
building undesired local electrical fislds within the structure. Only energetic ions with energy
farger than the potential difference along the local electrical figld can reach to bottom.
Charges on the sidewall dissipates fast as the conductivity of sidewall passivation
increases. The required bias power is below a baseline process.

[00877 The disclosed eiching gases may be flucrocarbons/hydrofiuoroccarbons.
Exemplary disclosed fluorocarbons/hydrofiuorocarbons include CFs, CHsF, CoFes, CsFs,
CorFs, CsFs, CslFe, CaFs, CaFs, O 1o Cs saturated or unsaturated linear, branched, cyclic
hydroflucrocarbons, such as CaHoFe, CHF 3, CHOF:, or combinations thereof.

[0058] The disclosed fluorocarbons/hvdrofiuorocarbons are suitable for etching silicon-
containing fiims that include a layer of silicon axide (SIO), silicon nifride (SiN), pure silicon
{5i) such as crystalline Si, poly-silicon (p-Si or polycrystalling Si); amorphous silicon, low-k
SICOH, SIOCN, SIC, SION, 310eHLCuNe, where a>0; b, ¢, d and e 2 O; metal containing
films {e.g., copper, coball, ruthenium, tungsten, indium, platinum, palladium, nicksl,
ruthenium, gold, etc.), or the like. The silicon-containing film may also include altemating
SiO and SIN (ONON) layers or SIO and p-Si (OPOP) layers. The silicon-containing films
contain O andfor N. The silicon-containing films may also include dopants, suchas B, C, P,
As Ga, In, Sn, 8b, Bi andior Ge, and combinations thereof.

[0059] The disclosed flucrocarbons/hydrofiucrocarbons and additives are provided at
greater than 895% viv purity, preferably at greater than 899.99% viv purity, and more
preferably at greater than 098.899% viv purity. The disclosed fluorocarbons/
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hydroflucrocarbons and additives contain less than 5% by volume trace gas impurities, with
less than 150 ppm by volume of impurity gases, such as Ny andfor HO andfor COs,
contained in said trace gaseous impurities. Preferably, the water content in the plasma
gtching gas is less than 20 ppm by weight. The purified product may be produced by
distillation and/or passing the gas or liquid through a suitable adsorbent, such as a 4A
molecular sigve.

(00807 The disclosed fluorocarbons/hydroflucrocarbons and additives contain less than
10% viv, preferably less than 1% vfv, more preferably less than 0.1% vy, 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 betier process repeatability.

[0061] The disclosed fluocrocarbons/hydrofiucrocarbons selectively eich the silicon-
containing layers from a buried landing layer or material which is a metal layer located at
the bottom of the structure t© be eiched in most applications. The disclosad
fluorocarbons/hydrofiuorocarbons do not etch metal landing layers. The buried landing
tayer may be an etching stop layer or a diffusion barrier layer. Materials of the metal landing
fayers may be a ngsten metal worldiine in a 30 NAND structure and/or another metal
suchras W, Cu, Al, Ry, Pt T, 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 nitrides layer such as AlQ,
WO, HfO, TiO, Ta0, In0, CrQ, Ru(Q,Co0, MoQ, ZrC, SnO TIN, TaN, HIN, AlN, WN, MoN,
NiN, NbN, CrN, RuN, CoN, ZrN, SnN or combination thereof sic.

[0062] The disclosed fluorocarbonsthydroflucrocarbons may be used o 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 transistors such as fin-shaped field-effect transistor (FInFET), Gate All
Around(GAA)-FET, Nanowire-FET, Nanosheet-FET, Forkshest-FET, Complementary FET
{CFET), Bulk complementary metal-oxide-semiconductor (Bulk CMOS), MOSFET, fully
depleted silicon-an-insulator (FD-SOD structures. The disclosed ioding-containing etching
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 disclosed
iodine-containing etching compounds may also be used for etching Si in 3D through silicon
via (TSV) etch applications for interconnecting memory to logic on a substrate and in MEMS
applications.

[0083] The disclosed eiching method includes providing a reaction chamber having a
subsirate disposed therein. The reaction chamber may be any enclosure or chamber within
a device in which eiching methods take place such as, and without limitation, reactive ion
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gtching (RIE), CCP with single or multiple frequency RF sources, inductively couplaed
plasma {(CP), or microwave plasma reactors, or other types of etching systems capable of
selectively removing & portion of the silicon-containing film or generatling active species.
Cne of ordinary skill in the art will recognize that the different plasma reaction chamber
designs provide different electron temperature control. Suitable commercially available
plasma reaction chambers include but are not limited to the Applied Materials magnetically
enhanced reactive ion etcher sold under the trademark eMAX™ or the Lam Research Dual
CCP reactive ion etcher dielectric eich product family sold under the trademark 23009
Flex™, or the Advanced Micro-Fabrication Eguipment Inc. China (AMEC) Primo 85C HD-
RIE etcher. The RF powsar in such may be pulsed to control plasma properties and thereby
improving the etch performance (selectivity and damage) further,

[o064] The reaction chamber may contain ong or more than one substrate. For example,
the reaction chamber may contain from 1 to 200 silicon wafers having from 25.4 mm to 450
mm dismeters. The subsirates may be any suitable substrates used in semiconductor,
photovoitaic, flat panel or LCD-TFT device manufacturing. Examples of suitable substrates
inciude wafers, such as silicon, silica, glass, Ge, SiGe, Galn, InGaAs, GaSb, InP, or GaAs
wafers. The wafer will have muitiple films or layers on it from previous manufacturing steps,
inciuding silicon-containing films or layers. The layers may or may not be patlermed.
Examples of suitable layers include without limitation silicon (such as amorphous silicon, p-
Si, crystalline silicon, any of which may further be p-doped or n-doped with B, C, P, As, Ga,
in, Sn, Sh, Bi and/or Ge), silica, silicon nitride, silicon oxide, siilcon oxynitride, SialuHcCalNe,
(wherein a>0; b, ¢, d, & 2 0),Ge, SiGe, Geln, InGaAs, GaSh, InP; mask layer materials
such as amorphous carbon with or without dopanis, antireflective coatings, photoresist
materials, a metal oxide, such as AlC, Ti0, HO, Zr0, Sn0, Tal etc. or a metal nitride layer
such as AIN, ZrN, SniN, HIN, titanium nitride, tantalum nitride &te. or combinations thereof;
efch stop layer materials such as silicon nitride, polysilicon, crystalline silicon, silicon
carbide, SION, SICN or combinations thereof, device channel materials such crystailine
silicon, epitaxial silicon, doped silicon, SiGeHCuNe, {(wherein a>0; b, ¢, d &2 0) or
combinations thereof. &-C (amorphous carbon) is a carbon film deposited using a PE-CVD
process. The composition is primarily carbon containing with some hydrogen content.
Doped a-C is an amorphous carbon film where during the deposition process a dopant is
additionally deposited. The dopant may include: Boron, Zirconium, Aluminum, Titanium,
Tungsten. Carbon films may also be deposited using a spin on process as opposed to a
PE-CVD process. The silicon oxide layer may form a dislectric material, such as an organic
based or silicon oxide based low-k dielectric material {e.g., a porous SICOH film). An
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axemplary low-k diglectric material is sold by Applied Materials under the trade name Black
Diamond {I or il Additionally, layers comprising tungsten or noble metals (e.g. platinum,
patiadium, rhodium or goid) may be used. Furthermore, examples of the silicon-containing
films may be Sil0uHCoNe, (wWherein a>0; b, ¢, d, & 2 0). Throughout the specification and
claims, the wafer and any associated layers thereon are referred o as subsirates.

[0065] The disclosed etching method includes pumping the reactor chamber down {0 a
high vacuum after placing the substrate into the chamber and before infroducing the
disclosed fluorocarbons/hydroflucrocarbons into the chamber. The high vacuum may rangse
from 0.01 mTorr — 10mTorr

[0088] An inert gas is also introduced into the reaction chamber in order to sustain the
plasma. The inert gas may be He, Ar, Xe, Kr, Ne, Ng, He or combinations therecf. The
giching gas and the inert gas may be mixad prior (o introduction o the chamber, with the
inert gas comprising between approximately 0.01% vy and approximataly 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.

[0067] The vapor of the disclosed eiching gas and inert gas are activated by plasma fo
produce an activated eiching gas. The plasma decomposes the etching gas into radical
form (i.e., the activated etching gas). The plasma may be generated by applying RF or DC
power, The plasma may be generaled with a RF power ranging from about 25W 1o about
100,000W. The plasma may be generated remotely or within the reactor itself. The plasma
may be generated in dual CCP or ICP mode with RF applied at both electrodes. RF
frequency of plasma may range from 100 KHz to 1GHz. Different RF sources at different
frequency may be coupled and applied at same eiectrode. Plasma RF pulsing may be
further used to control molecule fragmentation and reaction at substrate. One of skill in the
art wili recognize methods and apparatus suitable for such plasma treatment.

[0088] A quadrupole mass spectrometer (QMS), optical emission spectromster, FTIR, or
other radical/ion measurement tools may measure the aclivated eiching gas from the
chamber exhaust {0 determineg the types and numbers of species produced. If necessary,
the flow rate of the eiching gas and/or the inert gas may be adjusted {0 increase or decrease
the number of radical species produced.

[0069] The disclosed siching gases and additives may be mixed with other gases or co-
reactants either prior to introduction into the reaction chamber or inside the reaction
chamber. Preferably, the gases may be mixed prior to infroduction o the chamber in order
o provide a uniform concentration of the entering gas.

[0070]  in ancther alternative, the vapor of the hydrofluorccarbon etching compound and
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the additive may be introduced into the chamber independently of the other gases, such as
when two or more of the gases react or are easier to deliver independently.

{00711  In another alternative, the hydrofluorecarbon etching gas and the additive gas are
the only two gases that are used during the etching process.

[0072] inancther alternative, the hydrofiucrocarbon etching gas, the additive gas and the
inert gas are the only three gases that are used during the etching process.

[0073] BExemplary other gases or co-reactant include, without limitation, oxidizers such as
Oy, Os, GO, COz NG, NoO, NO», HO, HOp COS, S0z and combinations thereof. The
disciosed eiching gases/additives and the oxidizer may be mixed togsether prior 0
introduction into the reaction chamber.

(0074 Alternatively, the oxidizer may be introduced continuously into the chamber and
the eiching gas introduced info the chamber in pulses. The oxidizer may comprise between
approximately 0.01% v/v o approximately 99.99% viv of the mixture infroduced into the
chamber (with 99.99% v/v representing introduction of almost pure oxidizer for the
continuous introduction alternative).

[0075] Other exemplary gases with which the disclosed hydroflucrocarbon elching gas
and additive gas may be used include additional etching gases, such as cCyFe, CaFs, cCsFs,
CsFs, CaFs, CFs, CHaF, CFaH, CHaF2, CaHFy CaFea CalHaFs, CatoFs, CsHaFs, CaHFy, CsHF,
CaFs, CaFs, CFsl, CoFsl, CoFsl, CsFel [ 1-lodoheptafluoropropane  {(1-CsFil),  2-
lodoheptafluoropropane (2-CsFrl), CalHF7, COS, FNQ, F-CEN, C8), 802, M58, SFs, trans-

CaHoFs),  1,1,2,2,3-pentaffuorocyciobutane  {CaH:Fs),  1,1,2,2-tetrafluorocyclobutane
{CaHaF4), and cis~1,1,2,2,3 4-hexafluorocyclobutane (cis-CaHzFs) or combination thereof.
For example, approximately 1% viv {0 approximately 25% viv of the disciosed iodine-
containing etching compound may be used with a balance of C4Fs or cCsFs. As shown in
the sxamples that follow, the combination of the disclosed iodine-containing etching
compounds with conventional eich gases may result in increased efch rates while
maintaining the higher selectivity between the substrate and layer t0 be etched associaied
with the disclosed iodine-containing stching compounds.

{00768] The vapors of the disclosed etching compounds and/or the additive are infroduced
into the reaction chamber containing the substrate and silicon-containing films. The vapors
may be introduced 0 the chamber at a flow rate ranging from approximately 0.1 scom to
approximately 1 sim, respectively. For example, for a 200 mm wafer size, the vapor may be
intrcduced to the chamber at a flow rate ranging from approximately 5 scom to
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approximately 50 scom. Alernatively, for a 450 mm wafer size, the vapor may be introduced
{0 the chamber at a flow rate ranging from approximately 25 scom o approximately 250
scem. One of ordinary skill in the art will recognize that the flow rate may vary from tool o
tool. The vapors of the disclosed eiching compounds and/or the additive may be infroduced
into the reaction chamber premixed or separately.

(00771 The disclosed etching compounds and additives may be supplied either in neat
form or in a blend with a suitable solvent, such as ethyl benzene, xylenes, mesitylens,
decane, or dodecane. The disclosed compounds and additives may be present in varying
concentrations in the solvent. The vapor form of the disclosed compounds and additives
may be produced by vaporizing the neat or blended disclosad compounds and additives
solution through a conventional vaporization step such as direct vaporization or by bubbling.
The neat or blended disclosed compounds and additives may be fed in liquid state to a
vaporizer where it is vaporized before it is introduced into the reactor.  Alternatively, the
neat or blended disclosed compounds and additives may be vaporized by passing a carrier
gas into a container containing the disclosed compounds and additives or by bubbling the
carrier gas into the disclosed compounds and additives. The carrier gas may inciude, but
is not limited {0, Ar, He, Np, Xe, Kr, Ne, and mixtures therecf. The carrier gas and disclosed
compounds and additives are then introduced into the reactor as a vapor.

[0078] ifnecessary, the container containing the disclosed compounds and additives may
be heated {0 a temperature that permits the disclosed compounds and additives to be in
liquid phase and to have a sufficient vapor pressure. The container may be maintained at
temperaturas in the range of, for example, approximately 0°C {o approximately 150°C. The
fines from the bubbler to the etching tool may aiso be maintained at a temperature at or
above the temperaiure of the container. Those skilled in the art recognize that the
temperatura of the containar may be adjusted in a known manner to control the amount of
disclosed compounds and additives vaporized.

[0079] The vapor of the disclosed hydrofluorccarbon etching gas and additive gas and
the additional etching gas may be mixed prior to introduction to the reaction chamber. The
additional etching gas may comprise between approximately 0.01% v/v {o approximately
99.90% viv of the mixture infroduced into the chamber.

[0080] The vapor of the disclosed eiching gas and additional gases such as inert gas and
co-reactant are activated by plasma 0 produce an activated eiching gas. The plasma
decomposes the efching gas into radical form or ion {i.e., the activated etching gas). The
plasma may be generated by applying RF or RO power. The plasma may be generated with
a RF source power ranging from about 25W to about 100,000W in a decoupled plasma
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atching reactor. The plasma may be generated remotely or within the reacior itself. The
plasma may be generated, but not imited to, in dual CCP or iCP mode with RF applied at
both electrodes. RF frequency of plasma may range from 100 KHz to 1GHz. Different RF
sources at different frequency may be coupled and applied at same electrode. Plasma RF
puising may be further used {o control molecule fragmentation and reaction at substrate as
& bias power. One of skill in the art will recognize methods and apparatus suitable for such
plasma treatment.

[0081] Since the disclosed additives are used with the hydrofiucrocarbons or
fluorocarbons, the bias power may be low comparing to the etching without additives. inthe
disclosed meathods, by applying the additives, the bias power may be lower at least
approximately 10% than the case without using the additives, from the examples that follow.
[0082] The disclosed method of forming a high conductive sidewali passivation layer on a
high aspeact ratic patterned struchure comprises §} infroducing a vapor of an eichant into the
reactor that contains g substrate; i) creating an ion plasma from the etchant in the reactor
by applying a scurce power; iii) causing the ions to diffuse towards the substrate by applving
a reduced bias power such that the portions of the subsirate not being covered by a
patternad mask layer on the subsirate are seiectively etched away, forming the high aspect
ratio pattemed structure; and iv) kesping the process running for a predetermined time and tuming
the source power and the low bias power off until the high conductive sidewali passivation layer
is formed on the sidewall of the high aspect ratio patierned structure.

[0083] Here, the substrate has a film disposed thereon and a patterned mask layer
disposed on the film. The etchant includes a hydrofiuorecarbon or fluorccarbon compound
and an additive compound. The etchant may also include a co-reactant and/or an inert gas.
After introducing the efchant into the reactor, the eitchant is allowed to reach o an
aquilibrium. The reduced bias power may be at least 10% lower than that of without adding
an additive in the etchant. The predetermined time ranges from 1s to 1000s. A ratio of the
hydrofluorocarbon or fluorocarbon compound and the additive compound is chosen such
that newly formed portions of sidewall surfaces become passivated and protected from
further being etched. The ratio of the hydrofiuorocarbon or fluorocarbon compound and the
additive compound introduced into the reactor may vary from 1:99 to 89:1 by flow rates.
{0084] Hefore introducing the etchant into the reactor, the reacior is pumped down to a
high vacuum ranging from 0.001 mTorr to 100 mTorr after the etch process the reactor may
be purged by inert gas.

[0085] The temperalure of the reactor chamber may be conirolled by either contralliing the
temperature of the substrate holder or controliing the temperature of the reactor wall.
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Devices used {0 haat the subsirate are known in the arl. The reactor wall is healed o a
sufficient temperature {0 prevent condensation on the wall or the reactor chamber,
especially when a shower head reactor is used, in which the substrate temperature is higher
than the temperature of the wall. A non-limiting exemplary temperature range to which the
reactor wall may be heated includes a range from approximately -100°C (LN temp) to
approximately 500°C, preferably from approximately 20°C to approximately 150°C, more
preferably from 20°C {0 approximately 110°C.

{00868] The pressure within the reaction chamber are held al conditions suitable for an
efchant or a process gas the portions of the substrate not being covered by the pattemed
mask layer. Here the sichant or the process gas may include a hydroflurocarbon or
fluorocarbon etching gas, an additive, co-reactants, eic. For instance, the pressure in the
reacior may be held between approximately 1 mTorr and approximately 100Torr, preferably
between approximately 1 mTomr and approximately 50Torr, more preferably between
approximaiely 1 mTor and approximately 10Torr, even more preferably belween
approximately 1 mTorr and approximately 50 mTorr.

[0087] Eiching conditions may change during the eiching process.  For example
parameters such as gas flow, plasma power, pressure, temperature may be higher or lower
during the beginning part of the etch as compared o the end part of the eich near the bottom
of the hole or trenches. Allernatively, different eiching gases may be added at different
poirts in the stch t© improve the performance such as to reduce or enhance the polymer
deposition rate.

[0088] The disclosad etching methods provide high selactivity to mask layers, photoresist,
gtch stop layers and device channel materials and no profile distortion in HAR structures,
such as those having an aspect ratio ranging from 1:1 to 2001 such as DRAM and 3D
NAND structures and contact eich applications. Alternatively, an aspect ratio ranging from
1:1 10 20:1 and an aspect ratio ranging from 21:1 to 200:1. The disclosed etching methods
are suilable for etching HAR patiemned structure having an aspect ratic between
approximaiely 1:1 and approximately 200:1. Alternatively, the disclosed etching methods
are suitable for etching HAR palterned structure having an aspect ratio between
approximately 1.1 and approximately 20:1, an aspect ratio between approximately 21:1 and
approximaiely 2001, an aspect ratio batween approximately 1.1 and approximately 60:1,
or an aspect ratio between approximately 61:1 and approximately 200:1.

Examples
{00897 The following nondimiting examples are provided to further fllustrate embodiments
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of the invention. However, the examples are not infended {0 be all inclusive and are not intended
o limit the scope of the inventions described herain.

(00801  in the following examples, experiments were carried oul with commercial LAM tool
4520XLe 200mm (CCP dual frequency plasma) or alternatively with commercial AMEC
300mm Primo SSC HD-RIE etcher. To prove the repeatability, each etching test have been
repeated at least three times. Standard deviation of the average of the three measurements
is shown as arror bar in the chart. Subsequently, polymer composition was studied by X-
Ray Photoelectron Spectroscopy (XPS).

Exampie 1 Polymer Electrical Conductivity Measurements

[0081) FIG. 1 to FIG. 3 are conductivities of CaHoFs with and without an additive CHal,
Cal ol or SiHalz measured on a planar wafer, respectively. The current ()-Voltage (V) was
measurad using mercury probe. A drop of delonized water was added 1o the back of the
wafer {0 improve contact resistance, which may help lower the measurement noise at lower
voltage. Under the same electrical field strength, iodine-molecule additive into the
hydroflucrocarbon induces higher measured current and lower breakdown voltage through
the polymer. The conductivity of CaHoFs with the additive is increased comparing to that of
CaHaFs without the additive. See current differences in FIG. 1 {o FIG. 3. As shown in Table
1. the conductivity was calculated at the electrical field of 0.2MV/iem, and the increase in
conductivity at the electrical field of 8.2MV/icm was >10%.

Table 1
Conduciivity {(S/cm)
CaHoFs 2.897x10°
CaHoFs + CHal 3.52x10¢
CaHaFe + CaFel 8.35x10°
CaHaFe + SiHzlz 1.14=107

Exampile 22 ONON Hole Pattern Eich Using CHal as an Additive

[0092] CHal was added into an eiching recipe including CsHzFs for ONON {i.e., SIQ/SIN
alternating layers) hole patiermn etch on a patterned wafer or a substrate, due to the
promising performance (higher selectivity to a-C mask and increased polymer conductivity)
on planar thin films. The patterned wafer has ONON layers where a hole patterned
amorphous-carbon (a-C) mask layer is deposited thereon. The etching recipe may also
inciude Q..
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(00831 Four conditions were tested for the preliminary scraening: CaHaFe/CHal flow rates
at 30/10 scom, 35/5 scem, 4015 scom and 40/10 scom, inwhich 30/10 scom and 35/5 scom
have the same total gas flow. Since CHal is very polymerizing, etch stop were observed for
case of CHal flow rate being 10 scom or beyond through SEM images. Condition of 40/5
scom shows improved elch selectivity, while further etching recipe tuning is needed. SEM
Conditions are as flows. Accel. Voltage: 5.0V, Emission Current: 20pA; Magnitude: x30.0k.
[o094] CHsl is very polymerizing, which may clog the patterned mask layer and further
leads eich stop with a flow rate of 10 scom or beyond added into the ONON etching
composition. With CHsl added into the stching recipe, process window of O, flow rate shifts
from 68 scom to 74-76 scom. For optimized CHal recipe: ONON etfch rate (ER)Y 510 nm/min
{without CHzl, measured ONON ER is 516 nm/min); ONON/a-C Selectivty: 112 ~ 12
{without CHst, ONON/a-C Selsctivity is 11.4 ~ 12). FiG. 4 to FIG. 8 are comparisons of ER,
salectivity, sidewall bowing, ellipticity, critical dimension (CD) with different bias powers of
CaHoFes with and without CHsl additive, respectively. Overall, the recipe with CHal show less
dependence on the bias power (ONON efch rate, seleclivily, bowing, silipticity, profile CD),
comparad to the recipe without CHal,

[0095] More specifically, as shown in FIG. 8, at bias power of 7000W, adding CHal into
the recipe does not show significant ellipticity change of a-C mask holes, with measured
ellipticity of 93% for the recipe without CHsl and 84% for the recipe with CHsl. At bias power
of 5800, for recipe without CH3l, the a-C mask profile degrades with reduced bias power,
while less effect was observed for recipe with CHsl. At bias power of 4200W, the recipe with
CHal shows improved efch performance, including ER, selectivity, a-C mask ellipticity and
slant angle. Table 2 summarized the etch performance.

Table 2. Etch Performance Summary

@ 5800 W @ 4200 W
@ 7000 W ‘ i
, Bias Power Bias Power
Eich Bias Power ) )
{Reducing by 20%) {Reducing by 40%)
Performance . . _
With With With
No CHal No CHal No CHal
CHal CHal CHal
ER
5186 510 510 501 483 505
{ONON Layer)
Selectivity
11.4~12 § 11.2~12 ~12.2 ~12.8 ~8.1 ~11.4
{ONON/a-C)
Profile Bowing
) 40 39 40 25 38 31
{Bowing CD -
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Necking CD)
Ellipticity

93% 94% 91% 94% 89% 95%
(a-C mask)

[0086] Insummary, with the additive CHsl, the surface passivation {aka polymer layer) on
gtch front and sidewali of HAR features is improved and the passivation changes with varied
plasma etching condition (RF power, process time, etc.). In addition, CH:l as an additive
added into the hydrofluorocarbon etching gases reduceas the bias power by 40%, without
compromising the efch performance, such as etch rate, selectivity, ellipticity, profile CD and
SO On.

Example 3. Polymer Chemical Composition and Polymer Electrical Conductivity

[0087] Substrater In order o obtain the |-V characteristic of the polymer only, low
resistivity St substrate (less than 8.02 Ohm.om) was used for polymer deposition, instead
of 8i0» substrate. The Si substrate was cut into 1 inch x 1 inch coupons to facilitate the -V
measurement using Mercury Probe.

[ans8]  Polymer deposition: the same deposition process condition was used for CaFs,
CaHzFe, CaFol, CaFg + CaFol and CiHoFe + CaFol, the thickness of the deposiied polymer
was measured by ellipsometer; for the polymer on ion blocked area, the thickness was
measured on the position 1 mm away from the shield coupon edge.

[0089] Lam Tool Experimental conditions: RF scurce power: 750V, Bias power: 1500W,
ArfEich Gas {or Gas Mixture)/O. 250/15/Q; etch time: 30 seconds.

[0100] FIG. 10 is various polymer chemical compositions and polymer electrical
conductivities. The cumrent (I)-Voliage (V) measuremenis were the same as those in
Example 1. As shown, under the same electrical field strength, iodine-molecule additive into
the hydrofluorocarbon induce higher measured current and lower breakdown voltage
through the polymer, and the conductivities of varicus polymers and ioding-molecule
additives at 0.2MViom are as follows: CaFel > CaHzFs + CaFol > CaFs+CaF el > CalaFe > CoFs.
The polymer with a higher C-C:.C-Fx/C+ ratio has higher breakdown voltage and is more
electrically strong. C-F. bond may contribute {o the polymer conductivity. C-C bond rich
polymer is less conducting than C-Fx bod rich polymer,

[0101] Table 3 shows C-C:C-F/C- (x i3 integer) bond concentration ratio. The C-C:.C-
F/C-1 bond concentration ratio from low to high is CaFgl < CiFe+ CaFel < CuFs < CaHoFe +
CaFgl < CyHoFs. C-C bond is non-polar covalent; C-Fx/C- bond is polar covalent. The
conductivity was calculated at the electrical field of 0.2MVicm, and the increase in

33



WO 2022/146697 PCT/US2021/063683

conductivity at the electrical field of 0.2MVicm was >10%.

Tabie 3
C-C C-FxCA | C-CC-FYCH Ratio | Conductivity (Sfem)y”
CaFs 38.2% 56.35% 0.68 2.14%x10¢
CaHaFe 41.97% 48.32% 0.87 2.97x10%
CaFl 30.93% 56.23% 0.585 1.32x10®
CaFg + CaFdl 35.92% 55.69% 0.64 6.65%x10°
CaHaFs + CaFol 34.48% 47 21% 0.73 8.35%10°

[0102] Although it is challenge 1o tell how polymer chemical composition and slectrical
conductivity relate to each other, due to different conduction machanisms at varied electrical
field, In general, icdine additive to the polymer makes it more conductive, which in tum
reduces the bias power by at least approximately 10% comparing o the case without using
the additives, or even no bias power is regquired, without compromising the eifch
performance, such as stch rate, selectivity, sllipticity, profile CD and so on, as shown in
Example 2.

[0103] 1t will be understood that many additional changes in the details, materials, steps,
and arrangement of parts, which have been herein described and illustrated in order {o
axplain 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 to be limited to the specific embodiments in the examples
given above andfor the atfached drawings.

[0104] While embodiments 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 compaosition and method are possible
and within the scope of the invention. Accordingly, the scope of protection is not limited to
ihe embodiments described herain, but is only limited by the claims which follow, the scope
of which shall include all equivalents of the subject matter of the claims.
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What is claimed is:

1. A method for forming a high aspect ratic (HAR) structure during a HAR elch process
in a substrate in 8 reaction chamber, the method comprising,

sequentially or simultanecusly exposing the substrate to a vapor of an etchant including
a hydrofluorocarbon or fluorocarbon compound and an additive compound, the substrate
having a film disposed thereon and a patternead mask layer disposed on the film,

activating a plasma to produce an activated hydrofluorocarbon or fluorocarbon
compound and an activated additive compound; and

allowing an etching reaction 1o procesd betweaean the film uncoverad by the
patternad mask layer and the activated hydrofluorocarbon or fluorccarbon compound and
the aclivated additive compound {0 selectively efch the film from the patierned mask layer,

thereby forming the HAR patterned structurs.

2. The method of claim 1, further comprising the step of introducing an oxidizer into
tha reaction chamber, wherein the oxidizer is sslected from Oy, O, CO, CO2, NO, NG,
NO2, HO, HaOs COS, 80, and combinations thereof.

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

4, The method of claim 1, wherein a high conductive sidewall passivation layer is
formed on sidewalls of the HAR pattemed struciure.

& The method of any one of claims 1 10 4, wherein a conductivity of the high
conductive sidewall passivation layer formed with the activated hydrofiuorocarbon or
fluorocarbon compound and the activated additive compound is at least approximately
10% higher than the conductivity of the high conductive sidewall passivation layer formed
with the activated hydrofluorocarbon or fluorocarbon compound without the addition of the

activated additive compound.

. The method of claim 1, wherein the hydrofiuorocarbon or flucrocarbon compound
include CF4, CHsF, CaFs, CaFs, CaHFs, CsFa, CeFs, Calg, CaFa, Cq to Cs saturated or
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unsaturated linear, branched, cyclic hydrofluorocarbons, such as CaHaFs, CHF 3, CHaF, or
combinations thereof,

7. The method of claim 1, wherein the hydrofluorocarbon or fluorocarbon compound
is CaMoFs.
a. The method of claim 1, wherein the additive compound contains silicon, carbon

andfor iodine slements having the following formula:

CaR'REIRY,

SIRTRZRY,

SIR'TRAF 29,
SiRIF .y,
SilF g, OF
CaFenen!

whereinn =110 10 x=1-2;y=1-3;, z= 1-3; R, R', R?2 and R® each are independently
selected from H, C+-Cyp linear, branched or cyclic, saturated or unsaturated, aromatic,
heterocyclic, partially or fully fluorinated, substituted or unsubstituted alkyl groups:; R and
RZ, B2 and R? or R' and R? may also be linked to form a cyclic group.

9. The method of any one of claims 110 4 and 6 {© 8, wherein the additive compound
is selacted from

- : CH,
H3 G ,)\\ F/L\F /\\/I CH;, \I

H.o L H i
Si H.i.CH
& ] ] |
{;?\ —%s—H H—S;—H H-&i—
Lii S o
S
F
i i H N
s ; A i N B N B |
H-8i~F  p-8j— i ! S ; :
E’i‘i H Sii ! H S!\//\ li___é_\\ Sii K H‘S!W
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10. The method of any one of claims 1 to 4 and 6 to 8, wherein the film is a silicon-
cortaining film that contains O andfor N and optionally contains dopants such as B, C, P,
As Ga, in, Sn, Sb, Bi andior Ge, and combinations thereof.

11, The method of any one of claims 1 10 4 and € 1o 8, wherain the patterned mask
layer is an a-C layer, a doped a-C layer, a photoresist layer, an anti-reflective layer, an
organic planarization layer, a poly-Silayer, a metal oxide layer such as Ti, Al Zr, Hf etc.

oxide, and combinations thereof.

12.  The method of any one of claims 1t 4 and 6 to 8, wherein the HAR patterned
structure formead in the film has an aspedt ratio belween approximately 1.1 and

approximately 200:1.

13. The method of any one of claims 110 4 and 6 o 8, further comprising introducing
an additional etch gas info the reaction chamber, wherein the additional etch gas is
selected from the group consisting of cC4Fs, CaFg, cCsFs, CsFe, CaFs, CF4, CHaF, CF3H,
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CHaFa, CaHFr CaFs, CalHoFs, OsHals, CalHaFs, CaHFy CsHF g CaFe, CaFa, CF3l, CoFal, CoFsl,
GaF7t 1-lodoheptafiuoropropane (1-CsF7l), 2-lodohepiafluoropropane (2-CsFot), CaHFs,
COS, FNO, F-C=2N, CSz, 80z, SFs, trans-1,1,1,4,4,4-hexafluore-2-butena (frans-CatHzFs),
cis-1,1,1.4, 4 4-hexafluore-2-butene (is-CaHaRs), hexafluoroisobutene (CsHaFe), trans-
1,1,2,2,3 4-hexaftuorocyciohutane (frans-CaH:Fs), 1,1,2.2, 3-pentafluorocyciobutane
{CaHaFs), 1,1,2,2-tetraflucrocyciobutane {(C4HsFs), and ¢is-1,1,2,2,3,4-
hexaflucrocyolobutane (¢is-CsHaFs), and combinations thereof.

14, A mathod for forming a HAR patterned structure, the method comprising the steps:
sequentially or simultaneously exposing the substrate to a vapor of CaHzFs and CHal, the

subsirate having a film disposed thereon and a paiterned mask layer disposed on the film;
activating a plasma to produce an activated CaHzFs and an activated CHal, and
allowing an etching reaction to procesad betweaean the film uncoverad by the

patterned mask layer and the activated CsHoFs and the CHal 1o selectively etch the film

from the patterned masl layer, thereby forming the HAR pattemed struciure.

15, The method of claim 14, further comprising the step of introducing an oxidizer into
the reaction chamber, wherein the oxidizer is salected from Oz, Os, CO, CO2 NO, N20O,
NOy, HQ, HaO2 CO8, 80: and combinations thereof.

16.  The method of claim 14, further comprising the step of introducing an inert gas into
the reaction chamber, wherein the inert gas is seiecled from the group consisting of He, Ar,
Xe, Kr, Ne and Na.

17, The method of claim 14, wherein a high conductive sidewall passivation layer is
formed on sidewalls of the HAR pattemed struciure.

18, The method of any one of claims 14 to 17, wherein a conductivity of the high
conductive sidewall passivation layer formed with the activated CsHoFs and the activated
CHal is at least approximately 10% higher than the conductivity of the high conductive
sidewall passivation layer formed with the activated CiHoFs without the addition of the
activated CHsl.
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18. The method of any one of claims 14 {o 17, wherein the HAR patterned structure
formed in the film has an aspect ratio betweaen approximately 1.1 and approximately
200:1.

20.  The method of any one of claims 14 to 17, further comprising introducing an
additional etch gas into the reaction chamber, wherain the additional etch gas is selected
from the group consisting of cCaFs, CaFs, cCsFs, CsFs, CaFs, CF4, CHsF, CFaH, CHaF:,
CaHF7 CaFs CaMaFes, CaHaF s, CalHsFs, CaHF7 CaHFo CaFs, CoFs, CFal, CaFal, CoFsl, CaFyi
1-lodoheptaflucropropane (1-CaF7l), 2-lodoheptafluoropropane (2-CsF7l), CsHFy, COS,
FNQG, F-CzEN, C8;, S0,, SF, trans-1,1,1,4,4 4-hexafiucro-2-butene {frans-CiHaFs), cis-
1,1,1,4, 4 4-hexafiuoro-2-buteng (¢is-CsHoFs), hexafluoroisobutene (CeHaFs), trans-

{CaHsFs), 11,2, 2-tetraflucrocyclobutans {(CaHs ), and cis-1,1,2,2,3.4-

IRt R ]

hexafluorocyclobutaneg {(cis-CeHoFs), and combinations thereof.
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