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{ODINE-CONTAINING FLUOROCARBON AND HYDROFLUOROCARBON
COMPOUNDS FOR ETCHING SEMICONDUCTOR STRUCTURES

Cross Reference to Related Applications
(0001} The present application claims the benefit of U.S. Application No.16/813,686
filed June 28, 2020, being incorporated herein by reference in its entirety for all purposes.

Technical Field
[00027  Methods for efching a silicon-containing film to form a patterned structure, methods
for reinforcing andfor strengthening andfor minimizing damage of a patierned mask layer
while forming a patterned structure and methods for increasing elch raesistance of a patiterned
mask layer in a process of forming a patterned struchure using iodine-containing etching
compounds are disclosed. The iodine-containing etching compound have the formula
OaHiFylz, whersind sn< 10, 0sx 221, 0sys21, endiszs4.

Background
100033 In semiconductor industries, for 3D NAND, etching of stacks of multiple SIQ/SIN
or SiO/poly-Silicon (p-91) layers is critical. See, eg, US 2011/0180041 to Samsung
Electronics Co., Ltd. An eichant having high selectivity between the mask and layers being
elchad is essential. Furthermore, the etched structure should have a siraight vertical profile
without bowing and low line eich roughness (LER).
100041 Traditional etch gases include octafiuorocyclobutane (cCsFs), hexafluoro-1,3-
butadiene (CaFe), CFs, CHpF,, CHiF, andior CHF3. It is well known that selectivity and
polymer deposition rate increase as the ratio of C:F increases (i.e., CsFs > CaFe > CFy4). Sesg,
e.g., USB387287 to Hung ef af. In addition, other gases, such as inert gases like Ar, Kr, or
Xe, are added to the plasma where they are ionized and accelerated to the wafer surface
bombarding the surface and supporting the etching process. Because they are inert gases,
thay do not directly pariicipate in the chemical reactions of the elching process.
[0005] However, traditional etch chemisiries may not be able to provide a feature, such
as a hole or french, 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 -CyFy- polymers, wherein x
ranges from 0.01 to 1 and y ranges from 0.01 {0 4, may be susceptible {0 etching. As a
resull, the etched palterns may not be vertical and the etch structures may show bowing,
change in dimensions, patiern collapse and/or increased roughness.
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[0008] Bowing may result from sidewall efching of the mask layer, which may ofien be an
amorphous carbon (a-C) material. The a-C malerials may be etched by oxygen radicals in
the plasma which may cause increased opening of the mask and result in bow-like, or
angiedicurved, etch structures.

10007Y loding-containing compounds have been used as etching gases and/or reduction
of global warming potential (GWP). For example, Gupta et al. (US 10,607 ,850) disclose the
iodine-containing etching compound has the formula CoHFl, wherein a=1-3, x=0-6, y=1-7,
z=1-2, x+y+z=4 when a=1, x+ty+z=4 or & when a=2, x+y+z=86 or 8 when a=3. Chung (US
Pat. No. 9,460,935) discloses etching first and second etching layers under plasma
generated using, among others, 1,1,2 2-tetrafluoro-1-iodo-sthane. See also Karecki et al,|
“‘Piasma  etching of dislectric films with novel iodofluorocarbon chemisiries:
indotrifiuoroethylens and t-iodoheptaflucrocpropane”, J. Vac. Sd. Technol A 16, 755 (1998},
JP2006/108484, and TWI343601. lodine-containing etching compounds have been shown
significant reductions in global warming emissions compared o perflucrocarbon compounds
{sea B. Karecki, L. Pruette, and R. Reif, J. Elecirochem. Soc. 145, 4305 (1998))

[0608] it is important to minimize bowing and o achieve high aspect ratio {ie., up o
200:1) needed for current applications (e.g., contact eich or 30 NAND). Additionally, siching
{oday has not been limited {0 selectivity 1o the photoresist mask. itis equally imporiant {o gat
high selectivity among other materials such as a-C, SiN, p-8i, SIC or other forms of
SChOcHaNe materials (where a>0; b, ¢, d and e 20).

[0009] Thus, a need remains for efch gas compositions suitable for use in plasma eiching
applications which maintain selectivity and high aspect ratios for a wide range of process
conditions.

Surmmary

100101 Disclosed are methods of forming a pattemed structure, the method comprising:

introducing a vapor of an icdine-containing efching compound into a reaction chamber
containing a substrate having a8 silicon-containing film dispesed thereon and a patterned
mask layer disposed on the silicon-containing layer, whereain the odine-containing stching
compound has the formula CoHF L, whereind4 sn< 10, 0sxs21, 0sys2t, andtszs
4

activating a plasma o produce an aclivated iodine-containing etching compound; and

aliowing an eiching reaction to proceed between the activated iodine-containing
etching compound and the silicon-containing film to selectively etch the silicon-containing film
from the patternad mask layer, thereby forming the patterned structure. The disclosed methods
may include one or more of the following aspects:
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&

further comprising introducing an oxidizer into the reaction chamber,;

the oxidizer being selected from Oy, Gs, CC, CO4, NO, N2, NOz, H20, Ha02 COS,
S0 and combinations thereof,

the oxidizer being Oz,

further comprising introducing an inert gas into the reaction chamber,

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

the inert gas being Ar;

the inert gas being Xe;

the inert gas being Kr;

the iodine-containing etching compound being a hydrofluorocarbon compound,

the iodine-containing eiching compound being an organafiucrine compound;

the iodine-containing etching compound being a fluorine-containing hydrocarbon
compound;

the icdine-containing etching compound being & fluorocarbon compound;

the joding-containing etching compound being a hydrocarbon compound;

the jodine-containing eiching compound coniaining no hydrogen,

the jodine-containing etching compound containing hydrogen;

the iodine-containing etching compound containing flucrine;

the iodine-containing etching compound containing no fluorine;

the iodine-containing etching compound being CaFdl, CsFal, CaFaal, CiFsl, CaF i,
CoF1ol, CioF 2l or their isomers;

the ioding-containing etching compound being CaHFsl, CsHF 1ol CaHF i, C/HF 4,
CaHF 18!, CeHF1sl, CioHF 200, CabFel, CsHFsl, CeHFqol, CrHF 2k, CalHFqal, CoHF s,
CraFiFaal, CaHF4l, CsHFsl, CaHiFsl, CrHFol, CsHF1al, CoHFyal, CroHFyel, CaHF 2,
CsHFgla, CaHF 111z, CrHF sla, CatHFasla, ColFarla, CroHFsla, CaHFsl, CsHF A,
CeHFsla, CrHF1l2, CeHF iz, CeHFislz, CioHF7ia, CaHFsls, CsHFslz, CaHF7iz, CrHFal,
CeHF 1z, CoHFala, CrohiFssls, CaliFsla, CsHFals, CaHFiols, CrHFals, CeHFals,
CoHF1sls, CroHFusls, CaHFals, CaHFsls, CsHFsls, CrHFols, CeHF1als, CoHF14ls,
CroHFuals, CaHFsle, CsHF7ls, CeMFols, CoHF1ls, CaHFisla, CaHF1sla, CroHFi7ls,
CaHFalg, CsHFsle, ColFls, CrHFols, CalHFaila, CoHFssla, CroHFisla, CaliFly, CsHFsly,
CeHFsly, CrHFla, CsHFols, CoHF4ls, CroHF1als or their isomers;

the iodine-containing slching compound being CaHaF s, CeHoFel, CeHoF il CoHaFasl,
CaloFasl, CoHaFarl, CrotaFiel, CalaFsl, CaHoF i, CalafFal, CiHaF i, CalHalF 42l

CoHzF s, CroMHaF7l, CataFelz, CsHaFslz, CeHaFiolz, CrHaF1ala, CeHaFiala, CoHaFislz,
CroMaFslz, CaHaFals, CaHaFals, CaMaFsla, CoHaFaols, CaMHaFials, CoMHaFalz, CroHaFisls,
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CaHaFals, CsHaF7la, CeHaFels, CrHaFqals, CaHaFisls, CoHaFasls, CioHaF a7k, CaHaFsls,
C5H2F5!3, CBH2F7!3, C?H2F9!3, CSH2F‘Hl3, CgHZF‘SEJ C‘!OHZF%EB, C4H2F4E47 C5H2FB§47
CeHzFsla, CrHaFole, CsHaFials, ColaFials, CroHaFiels, CaHaFals, CsHaFala, CoHaFals,
CrHaFala, CeHaFiols, CoMHaFols, CiolaF 14l4 or their isomers;

¢ the ioding-containing etching compound being CaHsFsl, CsHaFal, CelaF1ol, CrHaFi2l,
CeHaF1al, CoMaFial, CioHaFqal, CaHaF4l, CsHaFsl, CaMsFal, CrHaFsol, CaHaF 2l
CQHSFME; CmHsFmi, C-@HSFSEE, CSHSFY‘E, CBHSFQ‘& C'?HSFNEE, CBHSFTSQZ, CQHSFTSQZ,
CroHaFirlz, CaHaFala, CsHaFsly, CeMHaFrlz, CrHaFolz, CeMaFiila, CeHaFialz, CrolaFaslz,
CaaFals, CsHaFsls, CelHaFsls, CrHaFiols, CsHaFala, CoHaFqals, CioHsFisla, CaHaFala,
CsHaFals, CoMHaFals, CrHaFals, CsHaFiols, CoMsFials, CroMsFuals, CaHaFsla, CaHaFsls,
CaHsFrla, CrHsFela, CaMHsFiila, CaMaFysls, CroHaFals, CaHaF s, TsHaFals, CeMHaFala,
CrHaFs, CeHaFals, ColHaF 11la, CioHaF13ls or their isomers;

« the iodine-containing etching compound being CaHaFsl, CsHaF7l, CeHaFal, CrHaF 141,
CaHaF1al, CoHaFisl, CroHaF7l, CaHaFal, CsHaFsl, CaHalol, CrHaFel, CeHaF 14,
CoMaF1al, CioHaF1sl, CaMHaFalz, CsHaFela, CelHaFsla, CrHaF1olz, CaMHaF1alz, CoHaF1alz,
CioHaF1sl2, CaHaFala, CsHaFsla, CeHaFela, CrHaFsla, CaHaF1plz, CoHaFi2la, CioHaF 14l
CaHaFals, CoHaFsls, CeHaFrls, CoMHaFols, CaMaFils, CoMHaFials, CioMHaFisls, CaHaFls,
CsHaFals, CeHaFsls, CrHaF s, ColHaFsls, CelHaF14ls, CioHaF1ala, CaHaFzls, CsHaFaly,
CaHaFals, CrHaFala, CoHaF ols, CalHaF12la, CroHaF1ale CaHals, CsHaF2la, CaHaFale,
CrHaFela, CaHaFela, CoHaFiola, CroHaF12ls or their isomers;

= the iodine-containing eiching compound being CaFdl or its isomers;

¢ the plasma aclivaled the iodine-containing etching compound reacting with the silicon-
containing film to form volatile by-products;

s the volatile by-products being removead from the reaction chamber;

« the siicon-containing film comprising oxygen, nitrogen, carbon, hydrogen, carbon or
combpinations thereof,

o the siicon-containing flm being comprising a layer of silicon oxide (SI0), silicon nitride
(SN}, crystalline Si, poly-silicon (p-5i), polycrystalline silicon, amorphous silicon,
fow-& SICOH, SIOCN, SIC, SION and SiL0eHCaNe, where >0 b, ¢, dand e 2 O,
alternating SIC and SIN (ONON) layers, alternating SIO and p-&i (OFOP) layers;

= the silicon-containing film optionally containing dopanis such as B, C, P, As, Gg,
in, Sn, Sb, Bi and/or Ge, or combinations thereof,

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

¢ the silicon-containing fim being SICNHCy, wherein X ranges from 0o 2, y rangss
from Q0 4, zranges from U o aboul 1 and krangss from 0o 1,
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s the silicon-containing film comprising a Si0 layer;

¢ the silicon-containing film being & SiN layer;

= the sificoncontaining film comprising alternating SIC and SiIN (ONON) layers;

¢ the silicorrcantaining film comprising alternating 5IC and p-&i (OPOP) layers;

s the sificoncontaining flm comprising dopants such as B, C, P, As, Ga, In, Sn, SBb, 8
andfor Ge;

« the altemating lavers comprising a layer of silicon oxide, silicon nitride, polysilicon, crystalline
sificon, SIOCH, SION, Si0cCNgH. {(where 2>0; b, ¢, d and e 2 0} or combinations therecof;

e the altemating layers comprising axygen atoms, nitrogen atoms, carbon atoms, hydrogen
atoms or combinations thereof,

e the altemating layers being a silicon containing fitm;

« the altemating lavers comprising a layer of silicon oxide and a layer of silicon nitride;

s the altemating layers comprising altemating layers of silicon oxide and silicon nitride;

« the altemating lavers being alternating layers of silicon oxide and silicon nitride;

» the altemating lavers comprising a layer of silicon oxide and a layer of polysilicon;

¢ the altemating lavers comprising altemating lavers of silicon oxide and polysilicon;

s the altemating layers being altermating layers of silicon oxide and polysilicon;

¢ a hardmask layer being disposed on the silicon-containing layer;

s the hardmask layer being a patierned hardmask layer,

¢ the hardmask layer being an amorphous carbon fayer, 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 (80D} amorphous carbon or doped amorphous carbon, silicon-containing
spin on mask, or carbon-containing spin on mask;

= the hardmask layer being an amorphous carbon {a-C) layer;

s the hardmask layer being a doped carbon layer;

« the doped amorphous carbon iayer being a boron-doped a-C [ayer;

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

¢ the allemating lavers being selectively stched from the hardmask layer;

= {he alternating lavers being selectively siched from an a-C layer;

e the altlemating layers being selectively etched from a doped carbon layer,

= the glternating layers of silicon oxide and silicon nitride being selectivaly efched
from an a-C layer,

« the alternating layers of silicon oxide and silicon nitride being selectively siched



WO 2021/262841 PCT/US2021/038668

from a doped carbon layer,

e the aliernating layers of silicon oxide and polysilicon being selectively etched from
an a-C layer;

» {he alternating layers of silicon oxide and polysilicon being selectively etched from a
doped carbon layer,

s the silicon oxide layer being seleclively etched from the hardmask layer;

e the silicon oxide iayer baing selectively siched from an &C layer;

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

e the silicon nilride layer being selectively etched from the hardmask layer,

= the silicon nitride layer being selectively efched from an a-Clayer,

e the silicon nitride layer being selectively stched from a doped carbon layer;

« the polysilicon laver being selectively etched from the hardmaskk laver,

» the polysilicon layer being selectively stched from an a-C layer,

« the polysilicon layer being selectively etched 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-reflactive layer or
organic planarization layer,

« the silicon oxide layer is selectively etched from an amorphous carbon laver, a
doped amorphous carbon laver, a photorgsist layer, an anti-reflactive layer or
organic planarization layer,

¢ the joding-containing etching compound etching both the silicon oxide layer and the
silicon nitride layer with high etch rates;

s the selectivity of the iodine-containing efching compound etching both silicon oxide
layar and the silicon nitride layer ranging from approximately 1.2 o approximately 2:1;

= the iodine-containing etching compound plasma stching the alternating Si0 and SiN
{ONON) layers having a selectivity between approximately 1:2 to approximately 2:1
with respect to the SIO laver versus SiN layer;

« the iodine-containing etching compound plasma stching the alternating SO and SiN

{ONON]) tayers having a sslectivity of approximately 1:1 with respeact to the SiO layer

versus SiN layer,

the selectivity of the iodine-containing etching compound etching both silicon oxide

layar and the silicon nitride layer being approximately 1.1,

the jodine-containing etching compound etching both the silicon oxide layer and the

polysiticon layer with high efch rates;

the selectivity of the iodine-containing etching compound efching both silicon oxide
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layer and the polysilicon layer ranging from approximately 1.2 1o approxdmately 2:1;

e the iodine-containing etching compound plasma efching the alternating Si0 and p-Si
{OPOP) layers having a seleclivity between approximately 1.2 to approximatsly 2.1
with respect to the SIO layer versus p-Si layer,

¢ the ioding-containing stching compound plasma efching the alternating Si0 and p-Si
(CPOP) tayers having a selectivity of approximately 1.1 with respect to the Si0 layer
versus p-Si layer,

¢ the seleclivity of the iodine-containing etching compound etching both silicon oxide
layer and the polysilicon layer being approximately 1.1,

e an eich rate of etching the silicon oxide layer using the iodine-containing etching
compound being higher than an elch raie of etching the silicon oxide layer using the
traditional etching gases cCsFs, CaFs CFq CHaF, CFaH, CHaF2, or combinations
thereof;

= an etch rate of elching the silicon oxide layer using the iodine-containing etching
compound being approximately 640 nm/min;

¢ an etch rate of eiching the silicon oxide layer using the iodine-cortaining etching
compound which is higher than the atch rate of efching the silicon oxide layer Si0:
using the traditional stching gas cCqFs;

« an etch rate of etching the silicon oxide layer using the iodine-containing eiching
compound which is higher than the efch rate of etching the silicon oxide layer SiO:
using the traditional stching gas CaiFs;

= an etch rate of elching the silicon oxide layer using CaF sl which is higher than the
etch rate of etching the silicon oxide laver Si0: using etching gases cCsFs or CaFs
with heating of the iodine-containing eiching compound for plasma siching © avoid
condensation;

e an eich rale of etching the silicon oxide tayer using CaFol which is higher than the
stch rate of etching the silicon oxide layer Si0» using an etching gas ¢CaFe with
heating of the odine-containing stching compound for plasma etching to avoid
condensation;

= an etch rate of etching the silicon oxide layer using CaF gl which is higher than the
atch rate of etching the silicon oxide layer Si0;z using an etching gas CeFswith
heating of the iodine-containing elching compound for plasma etching to avoid
condensation;

s heating the iodine-containing efching compound for plasma efching o avoid
condensation,

s the patterned structure formed in the silicon-containing ilm has an aspect ratio
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between approximately 1.1 and approximately 200:1;

e heating the iodine-containing etching compound for plasma etching t© maintain a desired
flow rate of the iodine-containing etching compound;

» the iodine-containing etching compound selectively etching the silicon-containing
film from a landing layer located at the bottom of the silicon-containing film o be
etched;

e the landing layer being a buried landing layer located at the bottom of the structure
to be siched

« the landing layer being an etching stop layer;

¢ the landing layer being a silicon layer,

s the landing layer being a metal layer;

¢ the landing laver being a tungsten metal worldlineg in a 3D NAND structure and/or
another metal such as W, Cu, Al, Ru, P, Ti, Ta, Ni, Co, Mo, Mn, Nb, Cr, Rh, Pd, ir,
V, Au, Ag or combinations thereof,

¢ the landing laver being a metal oxide or metal nilride layer;

« the landing lfayer being a AIQ, WO, TiN, or TaN laver;

e the metal layer being selected from W, Cu, AL Ry, Pt, Ti, Ta, Ni, Co, Mo, or an stch
stop layer selected from AIQ, WO, TiN, TaN;

o the landing layer being a metal oxide layer or a metal nitride layer selected from
AlD, WO, HIO, TiO, Ta0, In0, WO, CrG, RuD,Col, MoQ, ZrO, SnO, TiN, TaN,
HIN, AIN, WN, MoN, NIN, NbN, CrN RuN, CoN, ZrN, SrN or combinations thereof:

e adding an oxygen containing gas o the iodine-containing etching compound;

= the oxygen containing gas selected from the group consisting of O,, Os, CO, CO;,
NO, NGOz, N:O, SGp, COS, HO and combination thereof,

= the oxygen containing gas being Oz;

s mixing the iodine-containing siching compound and the oxygen containing gas prior
o introduction {o the chamber o produce a mixture;

s introducing the iodine-containing stching compound separately from the oxygen
containing gas;

« introducing the oxygen containing gas continuously and introducing the iodine-
containing etching compound;

e theoxygen coniaining gas comprsing approximately 0.01% viv io approximataly S8.9% viv
of a total volume of the iodine-containing etching compound and oxygen containing
gas;

« the oxygen coniaining gas comprising approxdimately 0.01% viv to approximataly 10% viv of
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g total volume of the iodine-containing etching compound and oxygen containing gas;

e mixing the iodine-containing stching compound and the inart gas prior to introduction
o the chamber to produce a mixiure;

s infroducing the ioding-containing etching compound separately from the inert gas,

¢ infroducing the inert gas continuousty and introducing the iodine-containing etching
compound in pulses;

e theinert gas comprising approximately 0.01% viv fo approxdmately 99.9% viv of a total volume
of the vapor of the iodine-containing etching compound and inert gas,

e the inert gas comprising approximately 80% viv to approximately 99% viv of a total volume of
the vapor of the iodine-containing etching compound and inert gas,

= {he substrate being a St wafer;

¢ the substrate being a crystaliine silicon layer;

= forming the patlerned structure;

o the palterned structure being 3D NAND apertures;

= the patierned structure being contact holes;

e the patterned structure being 3D NAND contact holes;

« the patterned structure being DRAM contact;

s the paiterned structure being channel holes;

« the patterned structure being 3D NAND channel holes;

s the palterned structure being 30 NAND skt contact;

¢ the aperture being staircase confacts;

» the aperture being self-aligned contact;

¢ the aperture being seif-aligned vias;

» the aperiture being super vias;

¢ further comprising introducing an additional etch gas 1o the iodine-containing
gtching compound;

e the additional eich gas being selected from the group consisting of the group consisting of
cCaFs, CaFs, ¢CsFs, CsFe, CaFe, CF4, CHsF, CFsH, CHaFz, CsHF7 CsFe, CaHaFs,
CaHaFa, CaHaFs, CaHFy CsHFg, CaFs, CsFs, CFal, CoFal, CoFsl, CoF4d 1=
lodoheptafiuoropropane (1-CsF7l), 2-lodcheptafluoropropane (2-CsFql), CaHFy,
COS, FNO, F-CaN, C5;, 8§03, BFs, trans-1,1,1.4.4 4-hexafluoro-2-butene (frans-
CaHaFg), cis-1,1,1,4,4 4-hexafluoro-2-butene (¢is-CiHaFs), hexafluoroiscbhutens
{CaHoFe), trans-1,1,2,2,3 4-hexafluorocyclobutane {frans-CsHaFs), 1,1,2,2,3-
pentafluorocyclobutane (CsHsFs), 1,1,2 2-tetrafluorocyclobutane (CsHiF4), and cis-
1,1,2,2,3 4-hexafluorocyclobutane {(cis-CaHaFs) or combination thereof,
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»  infroducing the iodine-containing etching compound separately from the additional etch
gas;
= gdding approximately 0.01% viv {o appraxdmately 99.899% viv of the addiional eich gas o
the iodine-containing etching compound;
¢ activating the plasma by applying RF power,
s aclivating the plasma by a RF power ranging from approximately 25 W o approximately
100,000 W,
= eiching pressure ranging from approximately 1 mTorr to approximately 10 Ta,
e etching pressure being 30 mTor,
= infroducing the iodine-containing efching compound at a flow rate ranging from
approximately 0.1 scom to approximately 1 sim;
¢ maintaining the substrate at a temperature ranging from approximately -186°C 1o
approximately 500°C;
e maintaining the substrate at a temperature ranging from approximately -120°C o
approximately 300°C;
¢ maintaining the substrate af a temperaiure ranging from approximately -100°C to
approximataly 50°C;
= maintaining the substrate at a temperature ranging from approximately -10°C o
approximately 40°C; and
= measuring the iodine-containing etching compound under plasma by Quadrupole
mass speciromater, optical emission spectrometer, FTIR, or other radicalfion
measurament tool.
{0011} Also disclosed are methods of reinforcing, strengthening and minimizing damage
of a patiermned mask layer while forming a patterned structure in a substrate, the method
comprising:
introducing a vapor of an icdine-containing etching compound info a reaction chamber
containing 8 subsirate having a silicon-containing film disposed thereon and the patiermed
mask layer disposed on the silicon-containing layer, wherein the iodine-containing etching
compound has the formula CibFl, wherein 4 sn <10, 0sxs21, 0sy <2t andt1sz=
4: and
etching the silicon-containing film from the patterned mask layer to form the patierned
structure using an activated iodine-containing eiching compound formed by activating a
plasma,
wherein the activated iodine-containing etching compound produces ioding jons,
which are implanted into the palterned hardmask layer, thereby strengthening the patterned

mask iayer. The disclosed methods may include one or more of the following aspects:
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s the iodine-containing etching compound being a flucrine-containing hydrocarbon
compound;
= the iodine-containing etching compound being a fluorocarbon compound;
e the jodine-containing etching compound being an organcfiuorine compound;
« the jodine-containing stching compound being a hydrocarbon compound;
s the activaled iodine-containing etching compound produces iodine ions that
strengthens the patterned mask laver,
s the iodine-containing etching compound is CaFel, CsF 4, CeFal, CrFysl, CaFerd,
CoF 1ol CioF 2l or their isomers; and
= the iodine-containing stching compound is CaFol or its isomers.
10012 Also disclosed are increasing efch resistance of a patiern mask layer by doping
with iodine the pattern mask layer and/or by modifying with ioding the surface of the patltemn
mask layer in a process of forming a patterned structure in a substrate, the method comprising:
infroducing a vapor of an iodine-containing eiching compound into a reaction chamber
containing a substrate having a silicon-containing film disposed thereon and the patierned
mask layer disposed on the silicon-containing layer, wherein the iodine-containing etching
compound has the formula GaHdyl,, wherein 4 =n <10, 0sx<21, 0y <21, and1szg
4
activating a plasma to produce an activaled ioding-containing etching compound
capable of doping iodine into the patterned mask layer, thereby modifying the patterned mask
layer with iodine o increase the etch resistance of the patterned mask fayer; and
implanting icdine ions from the activated ioding-containing etching compound into the
pattarned mask layer while etching the silicon-containing film from the patterned mask layer
o form the pattemed structure. The disclosed methods may inciude one or more of the following
aspects:
s the iodine-containing etching compound being a fluorine-containing hydrocarbon
compound,
s the jodine-containing eiching compound being a fluorocarbon compound;
¢ the joding-containing eiching compound being a hydrocarbon compound;
= the iodine-containing eiching compound being an organofiucrine compound;
o the iodine-containing etching compound is CsFgl, CaFydd, CaFaal, CrFsl, CeFard,
CoF 1ol andCqoF 2t or their isomers;
« the iodine-containing etching compound is CsFel or its isomers;
¢ implanting the iodine ion from the activated inding-containing etching compound into
the surface and/or the bulk of the patterned mask [ayer while stching the silicon-
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containing film from the substrate {o form the patterned structure;

e implanting the iodine ion from the activated iodine-containing etching compound inio
the surface of the patierned mask laver while eiching the silicon-containing film from
the substraie o form the patlemed structure; and

¢ implanting the jodine ion from the activated iodine-containing eiching compound into
the bulk of the patterned mask fayer while etching the silicon-containing film from the
subsirate to form the patterned structure,

Notation and Nomenciature
100131 The foliowing detailed description and claims utilize a number of abbreviations,
symbols, and terms, which ara generally well known in the art. While definitions are typically
provided with the first instance of each acronym, for convenience, Table 1 provides a list of
the abbreviations, symbaois, and terms used along with their respective definitions.

Table 1

LCD-TFT iquid-crystal display-thin-film transistor

DRAM dynamic random-access memaory

FINFET fin-shaped figld-effect transistor

Bulk CMOS Bulk complementary metal-oxide-semiconductor
FD-80I fully depleted silicon-on-insulator

FEOL front end of the line

BEOL back end of the line

T3V through silicon via

OLED organic light-emitting dicde

RIE reactive ion eiching

CCP capacitively coupled plasma

ICP inductively coupled plasma

s$Cem standard cubic centimatars per minute

sim standard liter per minute

ONON silicon oxide and silicon nitride alternating layers
CPOR silicon oxide and poly-silicon alternating layers
TCAT terabit cell array fransistor

P-BICS pipe-shaped bit cost scalable

QMS Quadrupole mass spectrometer

ARC or BARC Anti-reflecting coating or Bottom anti-reflecting coating
APF or a-C Amorphous carbon. Trademark of Appiied Materials
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CAS chemical abstract service

PCTFE Polychiorotrifiucrosthens

PVDF polyvinylidene fluoride

PTFE Polvtetrafiuoroethylene

SEM secanning eleciron microscope

NAND Not AND or Negative-NAND or Negated AND
TEOS Tetrasthylorthosilicate

LDTEOS low deposition rate TEQS

BRSG Borophosphosilicategiass

p-3i poly-silicon

XP5 X-ray photoelectron spectroscopy

SiN Silicon nitride

SiO Silicon oxide

PECVD Plasma enhanced chemical vapor deposition
LPCVD Low pressure chemical vapor deposition

[0014] As used herein, the indefiniie article “a” or “an” means one or more.

[0015] As used herein, "about” or "around” or “approximately” in the text or in a claim
means $10% of the value stated.

[00186] As used herein, “room femperature” in the text or in a claim means from
approximately 20°C to approximately 25°C.

[0017] The term ‘“ambient temperature” refers {0 an environment temperature
approximately 20°C to approximatsly 25°C.

[0018] The term “subsirate” refers to a material or materials on which a process is
conducted. The substrate may refer 1o a wafer having a material or materials on which a
process is conducted. The substrates may he any suilable wafer used in semiconductor,
photovoltaic, fiat panel, or LCD-TFT device manufacturing. The substrate may aisc have
one or more layers of differing materials already deposited upon it from a previous
manufacturing step. For example, the wafers may include silicon layers {e.g., crystaliine,
amorphous, porous, etc.}, silicon containing layers (8.9., SiC:, SIN, SION, SIC, SICN, SIOCN,
SICOH, ete.), metal containing iayers (e.g., copper, cobalt, ruthenium, tungsten, manganese,
platinum, palladium, nickel, ruthenium, gold, etc.) or combinations thereof. Furthermore, the
substrate may be planar or patterned. The substrate may be an organic patierned photoresist
film. The substrate may include layers of oxides which are used as dielectric materials in
MEMS, 3D NAND, MM, DRAM, or FeRam device applications {for example, Zr(Q; based
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materials, HO, based materials, TiO, based materials, rare earth oxide based materials,
fernary oxide based materials, efc.) 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
“layer” used herein refer to a thickness of some material iaid 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 refarred (0 as subsirates,

(0019 The term “wafer” or “patterned wafer” refers t© a wafer having a stack of silicon-
containing films on a substrate and a patterned hardmask layer on the stack of silicon-
containing films formed for patiern stch.

00201 The term "pattern etch” or "patternad etch” refers to efching a non-planar structure,
such as a patterned mask layer on a stack of silicon-containing films.

[o021] As used herein, the term "efch” or "etching” means {o use a plasma {0 remove
material via ion bombardment, remote plasma, or chemical vapor reaction between the
atching gas and substrate and refers {0 an isotropic stching process and/or an anisotropic
etching process. The isotropic efch process involves a chemical reaction between the etching
compound and the substrate resulling in part of material on the substrate being removed.
This type of efching process includes chemical dry efching, vapor phase chemical etching,
thermal dry etching, or the like. The isotropic etch process produces a lateral or horizontal
etch profile in a substrate. The isofropic etch process produces recesses or horizontal
recessas on a sidewall of a pre-formed aperture in a substrate. The anisolropic etch process
involves a plasma etching process (f.e., a dry eich process) in which ion bombardment
accelerates the chemical reaction in the vertical direction so that vertical sidewalls are formed
along the edges of the masked features at right angles o the substrate (Manos and Flamm,
Thermal stching an Introduction, Academic Fress, Inc. 1889 pp.12-13). The plasma stching
process produces a vertical etch profile in a substrate. The plasma elching process produces
vertical vias, apertures, trenchas, channel holes, gate trenches, staircase contacts, capacitor
holes, contact holes, shit etch, seif-aligned contact, self-aligned vias, super vias efc., in the
substrate.

fooza] The term "mask” refers 10 a layer that resists etching. The mask layer may be
located above the layer 0 be etched. The mask layer also refers to a hardmask layer.
[0023] The term “eich stop” refers (o a layer below the layer 1o be eiched that protects
layers underneath.

100247 The term "device channel” refers 10 layers that are part of actual device and any
damage to it will affect device performance.

[0025] The term “aspect ratio” refers 0 a ratio of the height of a trench (or via) {0 the width
of the trench {or the diameter of the via).
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[0028] The term "selectivity” means the ratio of the etch rate of one material {0 the etch
rate of ancther material. The term "selective etch” or "selectively eich" means to etch one
material more than ancther material, or in other words 10 have a greater or less than 1.1 etch
selectivity between two materials,

10027y The term “independently” when used in the context of describing R groups should
be understood o 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 {0 any additional species of that same R group. For example
in the formula MR (NR?R3)u., where M is an atom, x is 2 or 3, the two or thrae R" groups
may, but need not be identical to sach other or to RZorto RS, Further, it should be understood
that unless specifically stated otherwise, vaiues of R groups are independent of each other
when used in different formulas.

[0628] Note that herein, the terms “film” and “layer’ may be used interchangeably. ltis
understocd 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
“ayver” used herein refer {0 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 to as small as a trench or a line.
100297 Note that herein, the termas “eiching compound” and "etching gas” may be used
interchangeably. It is understood that an elching compound may correspond to, or related o
an etching gas, and that the etching gas may rafer o the etching compound.

[0030] The terms “vig’, ‘“aperture”, “trench”, and “hole” are sometimes used
interchangeably, and generally mean an opening in an interlayer insulator.

[0031] As ysed herein, the abbreviation "NAND' refers to a "Negated AND" or "Not AND"
gate; the abbrevigtion "2D" refers to 2 dimensional gate structures on a planar substrate; the
abbreviation "30" refers to 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 periodic table of slements
are used herein. [t should be understood that elements may be referred t© by these
abbreviations (e.g., Si refers {o silicon, N refers to nitrogen, O rafers o oxygen, C refers o
carbon, H refers o hydrogen, F refers to fluorine, efc.).

(0033} The unigue CAS registry numbers (i.e., "CAS") assigned by the Chemical Abstract
Service are provided {o help better identify the molecules disclosed.

[0034] Please note that the silicon-containing films, such as silicon nitride and silicon
oxide, are listed throughout the specification and claims without reference fo their proper
stoichiometry. The silicon-containing films may include pure silicon (31} layers, such as
crystalline Si, poly-silicon (p-Si or polycrystalling 5i), or amorphous silicon; silicon nitride
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{SikNy) tayers; or silicon oxide (GiOn) layers, or mbitures thereof, whersin k, |, m, and n,
inclusively range from 0.1 {0 8. Preferably, silicon nitride is SikN,, where k and | each range
from 0.5 to 1.5, More preferabiy silicon nitride is SiaNs.  Preferably silicon oxide is SiOn,
where nranges from 0.5 t© 1.5 and m ranges from 1.5 10 3.5. More preferably, silicon oxide
is Si0,. Herein, SIN and Si0O in the following description are used to represent SN, and
SinCm containing layers, respectivaly. The silicon-containing film could also be a silicon oxide
based dielectric material such as organic based or silicon oxide based low-k dielectric
materials such as the Black Diamond H or [l material by Applied Materials, Inc. with a formula
of SIOCH. Silicon-containing film may also include Si0uC.NgH: where &, b, ¢, d, & range
from 0.1 t0 6. 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 to
about another particular value. When such a range is expressed, it is to be understood that
another embodiment is from the one particular value andfor to the other particular value,
along with all combinations within said range.

[0G38] 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 ali referring to
the same embodiment, nor are separate or alternative embodiments necessarily mutually
exclusive of other embodiments. The same applies to the term “implementation.”

Brief Description of the Drawings

{00371 For a further understanding of the nature and objects of the present invention,
reference should be made 1o the following detailed description, taken in conjunction with the
accompanying drawings, in which like elements are given the same or analogous referencs
numbers and whereain:

FIG. 1a is a cross-seclional side view of exemplary layers in a 3D NAND stack;

FIG. 1b is a cross-sectional side view of the sxemplary layers in the 30D NAND stack
showing polymer deposited on a sidewall during etching of the 30 NAND stack;

FIG. 1c is a cross-sectional 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 a cross-sectional side view of the exemplary layers in the 30 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 a DRAM stack;

FIG. 3a is a cross-sectional side view of exemplary lavers showing photoresist pattern
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over SO insulation layer surrounding typical transistor device region to produce a transistor
structure;

FIG. 3b is a cross-sectional side view of the exemplary layers of FIG. 3a after efching
the SiQ insulation layer;

FIG. 4 is a graph demonsirating etch rates of S0, SIN, p-5i and a-C with 1-CsF4, 02
and Arn,;

FIG. 8 is a graph demonstrating the electron impact ionization energy {(eV) versus
species concentration (Torr) of CaF+l;

FIG. 8 is a graph demonstrating stch rates of SiQ, SIN, p-Si and a-C with 1-CsFdl, O
and Ar;

FIG. 7 is 1-Cy4Fol depth profile on a-C substrate;

FiG. 8 is 1-CsFyl dapth profile on a-C{B) substrate;

FIG. 8 is 1-CsFol depth profile on a-C(W) substrate,

FIG. 18 is a graph demonstrating etch rates of Si0, SIN, p-Si and a-C with ¢CiFg; and

FiG. 11 is a graph demonstrating efch rates of SIO, SIN, p-5i and a-C with CaFs.

Description of Preferred Embodiments

[0038] Disclosed are methods for plasma eiching semiconductor structures, such as,
channel holes, gate trenches, staircase contacts, capacitor holes, contact holes high aspect
ratio structures, 3D NAND, slit trenches, seif-aligned contact, seif-aligned vias, super vias
efc., in silicon-containing films. The disclosed methods include the steps of §) introducing a
vapor of an iodine-containing efching compound into a reaction chamber containing a silicon-
containing film on a substrate, wherein the iodine-containing eiching compound has the
formula CHF, whereind sn <10, 0sx 221, 0sy £21, and 1 5z £ 4; and i) introducing
an inert gas into the reaction chamber, and iil} activating a plasma to produce an activated
icdine-containing stching compound capable of etching the silicon-containing film from the
substrate. Here the inert gas may be Ar, Kr, Xe, Nz He or Ne.

{00391 As shown in the examples that follow, the iodide ion in the disclosed iodine-
containing etching compounds dissociates from the compounds at low energies (V) (ie., <
20 eV). As a result, Applicants believe that the disclosed eiching compounds may be used
in dry plasma efch processes that produce less damage to the underlying substrates because
they can be performed at lower plasma energies. For example, the disciosed iodine-
comntaining etching 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 to
the porous low k material surrounding the etch site. The low damage o low k material may
be due to the reduced generation of UV photons and F radicals given by iodine-containing
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gtching compounds. The disclosed iodine-containing efching compounds may also prevent
loss of the critical dimension and decrease low K surface roughness. in addition, molecules
with two iodine atoms may enhance these benefits, although at a loss of volatility due to the
size of the iodine atoms.

100407 foding (10.5 eV) has a lower ionization threshold than Fluorine (17.4 eV) and the
inert gases: Ar (15.8 V), Xe (12.1 &V), and Kr (14 eV). loding 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 also
behave similarly {0 the inert gases (such as Kr, with 88 amu, and Xe, with 131 amu) in the
plasma and accelerate towards the wafer. During the etch of high aspect ratio structure, the
energy of the ions gets weaker as they penstrate deeper, therefore many ions cannot reach
the botiom of trench. However, lodine ions being heavy may be accelerated toward the
wafers by the voliage applied during the plasma eich process and penetrate deeply gliowing
{0 efch deep pattern structures with high aspect ratio. Fluoring’s ionization threshold serves
{0 maintain it as a neulral species. As a result, fluorine typically parlicipates in the etching
process via chemical reactions. lodine exhibits less chemical reactivity than fluorine and is
ionized and bombards the surface during the plasma eich process. The hond energy for C-
is also less than the bond energy for C-F, thereby causing the C-l bond to more aasily break
in the plasma compared to C-F bonds. Thus, icding ions may easily be dopad into 8-C mask
layer. Since inding i3 a heavy slement that makes i easier to implant and penatrate deeply
i the mask layer than ighter slements. In addition, due {o the weakness of the G-l bond and
the fact that iodine ionization threshold is low, the iodine containing etching compound have
a low o negligible atmospheric iifetime making them good candidates to reduce the global
warming potential caused by perflucrocarbon compounds.

[0041} The iodide ion disscciates from the disclosed efching compounds at low eVs (e,
<20 aV}, referring to the Comparative Example below. However, iodide ion implantation into
the mask feature, such as the surface and/or the body/bulk is likely. This implantation may
help to sirengthen, minimize the damage, increase etch resistance of the mask feature and
help it maintain its shape during the eiching process. As shown in the examples that follow,
after using the disclosed iodine-containing etch compound the composition of the paitern
mask is modified. Applicants believe that the iodine ions modify the surface and incorporate
into the bulk of the patltern mask layer by increasing the croaslinking with the organic mask
layer (such as amorphous carbon mask). Due to the doping of the iodineg ions and the
crosslinking among carbon, iodine, hydrogen and fluoring atoms, and preferably between
carbon and icdineg, the density of the patiern mask layer increases, making the pattern mask
layer stronger. In the examples that follow the strengthening effect and the etch resistance
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improvement due {o the iodine ions have been proved by showing that the eiching rate of the
pattern mask layer is lower when etched by icdine-containing eiching compound than when
is etched by the fraditional etching gases, such as ¢CsFs and CsFs.

{0042} The disclosed joding-containing etching compounds have the formula CHF 2,
wherein 4 sn <10, 0= x =221, 0y <21, 15z 54 When x= 0, the disclosed iodine-
containing etching compounds may not contain any hydrogen having the formula CiFyls,
whereindsn<s10, 0y 221, 1sz<s4dandy + 2 < 2n+2. When n = 4, the disclosed icdine-
containing etching compounds have the formula CiFyl, wherein 1 €2 <4, vy 510 - 2.
Exemplary Cs iodine-containing efching compounds without containing H include CiFsl,
CsFiil, CeFaal, CiFst, CaFarl, CoFugl, CroFatl, CaF7l, CsFal, CeFal, CiF al, CoFial, CoF sl
CaoF1ol, CaFsl, CsFrl, CeFol, CrFuil, CsFusl, CoFsrl, CoaFarl, CaFsla, CsFiolz, CaFizla, CrFialz,
CeFislz, CoFislz, CioFzolz, CaFelz, CsFsla, CeFiolz, CrFizlz, CaFralz, CoFielz, Crobalz, CaFalz,
CaFslz, CoFslz, CrFols, CeFaala, CoFaals, CaoFasla, CaFrls, CsFols, CeFaals, CrFaals, CeFisls,
CQF17331 C1DF19EB, C4F4E31 CSF6§3, CﬁFSEB, 07!:10;3, CBFQEB, CQFMEL C1DF1BEB, CAFSE& CSF5§3,
CeFrla, CrFols, CaFadls, CoFasls, CroFusls, CaFels, CsFsla, CeFaola, CoFiala, CaFials, CoFisls,
CioFisls, CaFals, CsFsla, CeFala, CiFqols, CsFizls, CoFials, CroFiela, CaFoly, CaFals, CeFsle,
CrFals, CsFiola, CoFrala, CroF14ls, and their isomers.

[0043] Exemplary disclosed iodine-containing efching compounds without containing H
having a general formula: CoFzad, where 4 <n < 10, are listed in Table 2. These molecules
are commercially available or may be synthesized by methods known in the art.  Their
structure formula, CAS numbers and boiling points are included in Table 2. The disclosed
indine-containing etching compounds without containing H

having a general formula: CoFanl, where 4 £ n £ 10, may also include their isomers.

Tabie 2
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Etching . .
Formula | Structure CAS number Boiling point (°C)
compounds
Perfluorobutyt FFEF
o 1-CaFsl ol 423-39-2 67.0°C
iodide £EoE
Perfiucropentyl
) 1-CsF a4l 838-79-9 94.4°C
lodide
Perfluorohexy! 115-117°C @ 1
o 1-CsF sl 355-43-1
iodide mmHg
Perfluorcheptyl )
) 1-CrF sl 335-58-0 137-138°C
fodide
Perflucrooctyl
o 1-CaF 47l 507-83-1 160-181°C
jodide
Perflucrononyi
o 1-CoF ol 558-97-4 181°C
jodide
Perflucrodecyl M2-115°C @ 50
.. 1-CroFail 423-62-1
jodide mmHg

(0044} The disclosed icdine-containing efching compounds are suitable for etching
silicon-containing films that include a layer of silicon oxide (SiO), silicon nitride (SIN), pure
siticon {Si} such as crystalline Si, poly-siticon {p-3i or polycrystatline Si), or amorphous silicon,
low-k SICOH, SIOCN, SIC, SION, SI0pHCuNe, where a>»0; b, ¢, d and e 2 0, or combinations
thergof. The silicon-containing film may also include allernating SO and SiN (ONON) layers
or Si0 and p-Si (OPOP) layers. The silicon-coniaining films may also include dopants, such
as B, C, P, As, Ga, in, Sn, Sb, Bi and/or s,

[0045] The etch rate of SIN may be enhanced while maintaining high selectivity to the
mask layer when the disclosed iodine-comtaining eiching compounds inciude H, but are not
limited to. The disclosed lodine-containing etching compounds having one H when x=1 have
the formula CoHF L, wherein4sns10,0sy <20, 1sz54, andy + z< 2n+1. Exemplary
compounds include CaHFel, CsHF o, CeHFl, CrHF 4l CeHFsl, CoHF1al, CroHFanl, CaHFeL,
CsHFal, CsHFol, CrHF2l, CeMFul, CoHFisl, CioHFel, CaHFal, CaHFel, CeHFel, CrHF ol
CaHF 12, CoHFal, CioHFiel CaHF7l, CsHFgly, CaMHFnlz, CoHFsle, CaHF sl CoHF s,
CioHFaln, CaHFsly, CaHFsls, CeHFsla, CrHF 1, CsHFqala, CoHF sy, CroHFrls, CaHFal,
CsHFsly, CaHFrlz, CrHFela, CeHFyila, CoHFialy, CiogHFasle, CaHFsls, CsHFsls, CeHFigls,
CrHF s, CeHFrals, CoHFysls, CioHFqals, CaHFals, CsHFgla, CeHFals, CiHFiols, CaHF1als,
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CoHF1als, CioHFisls, CaHFsls, CsHFyls, CeHFola, CrHFls, CsHFala, CoHFasla, CioHFi7lg,
CaHFsly, CeMFsly, CeHF s, CrHF by, CaHFqila, ColFiala, CioHF sty CaHFLs, CsHFals, CeHFsls,
CrHF7ls, CsHiFals, ColHFiils, CioHFisle and their isomers,

{0048} The disclosed loding-containing etching compounds having two hydrogens when
x=2 have the formula CiHeFl, wherein 4 sn<s 10, 0sy <19, 1sz<4, andy+zs2n
Exemplary compounds include CiHaF7l, CsHaFal, CeHaF i, CrHaFial, CsHaFqsl, CoHaFqqd,
CioHaF1ol, CaHaFal, CaHaFA, CeHaFol, CrHFl, CaMaFial, CobaFisl, CioHaFerl, CaHaFslz,
CsHzFslz, CaHaFiolz, CoHaFialz, CaHzFialz, ColHaFislz, CroHzFislz, CataFale, CsHaFalz, CeMHaFsla,
CrHeFrole, CetHaFizle, CoMaFialz, CioMzFisls, CaMHeFsls, CsHaFrls, CeMHaFals, CrHaFids,
CatHaFisls, CoMaFasls, CrolaFarls, CaHaFals, CaHaFsls, CoHaF7la, CrMHaFols, CabaFuils, CotaFasls,
CioHzFisls, CaMaFaly, CstaFely, CeMaFsls, CrlaFiols, CeMaFizls, CoMzFials, CopMaFisls,
CaHaFols, CsHoFals, CoMHzFaly, CiHaFsly, CsHaFiols, CoHzFials, CroHaF14ls and their isomers.
[0047] The disclosed lodine-containing etching compounds having three hydrogens
when x=3 have the formula CiHsFi, wherein 4 =sn <10, 0sy <18 1224, andy+ 2=
2n-1. Exemplary compounds include CaMsFel, CsHaFal, CeHaFiel, CiHaFial, CeMHaFqal,
CoHaFasl, CioHaFsl, CaHsFal, CsHaFsl, CsHaFsl, CrHaFiol, CsHsFral, CoHaFial, CroHaFasl,
CaHsFsla, CaMaFrls, CalHsFola, CrHaFilz, CaHsFesla, CoMaFisla, CroHaFi7la, CalHaFalz, CsHaFsis,
CstHaFrlz, CrMaFolz, CsMaF il CeMHaFialy, CroMaFisle, CaHaFala, CsMHaFsla, CaMaFals, CiHaFiels,
CSHEF‘IQEB, CQHSFME& C?OHBFMES, CAHEFZiS: CSHSFA‘“B, CSHSFEEES, C:’HE»FSiS CSHSF‘!OiE, CQHSFQiS,
CaoHaFials, CaHaFsls, CsMsFsla, CelaFols, CilHaFals, CalaFiile, CoMHaFiale, CioMaFisle, CaHaFids,
CsHaFals, CaMHaFsls, OrHaF 7, CeHaFela, CoMHaF11ls, CioHaF 13l and their isomers.

(0048} The disclosed leding-containing etching compounds having four hydrogens when
x=4 have the formula CoHaF i, wherein 4 sn <10, 0sy <17, 1<2z<4, andy + z < 2n-2.
Exemplary compounds include CiHaFsl, CsHaFl, CeHaFel, CiHaF i, CsHaFial, CoMHaFysl,
CiobaF7l, CaHaFal, CsHaFsl, CeMaFrl, CiHaFol, CelHaFidl, ColaFial, CooMaFisl, CaHaFals,
CsHaFsla, CataFalz, CrHaF oo, CaHaFiala, CoHaFi4la, CiolHaFisly, CaHaFala, CsHaFala, CaHaFsla,
CyHaFsly, CeHaFiolo, CeHaF by, CroMHaFale, CaHaFals, CsHaFals, CeHaFrls, CrHaFols, CeMHaFiqds,
CoHaF1als, CroHaFisla, CaHaFls, CsHaFala, CsHaFsla, CrHaFrla, CsHaFols, CoHaF14la, CioHaF1als,
C4H4F2543 05H4F4§4, CGH!&F&;@, G?’H-‘sFS!m CSH$F1Ui4s GQH/#F?QE:@, C10H4F'E4E4, C«1H454, CSH4F2;4,
CelaFals, CrHaFsls, CeMaFsla, CoMaFiols, CroMaFizlq and their isomers.

{00491 Applicants believe that the molecules having 4 or more than 4 carbon atoms may
provide better etch rate and sidewall proteciion, e.¢., straight profile, no bowing, no tapering,
ne twisting, no incomplete etch, no variation of critical dimension from top to bottom of the
structure efched, during the efching process than less than 4 carbon molecules. Applicants
believe that the molecules having 4 or more than 4 carbon aloms may also provide a
straighter profile, without bowing, tapering, twisting and incomplete efch, or variation of
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critical dimension from top to botlom of the structure etched than less than 4 carbon
molacules. For sidewall protection, the carbon 24 molecules are preferred because
Applicants helieve they will produce thicker passivation layers.,

{00501 The disclosed ioding-containing elching compounds may provide high selectivity
{0 mask layers, photoresist, etch stop layers and device channel materials and no profile
distortion in high aspect ratio structures (HAR), such as those having an aspect ratio ranging
from 1.1 to 2001 such as DRAM and 3D NAND structures. Alternatively, the disclosed
icdine-containing etching compounds may also provide high selectivity 1o mask layers or
sificon-containing film, such as those having an aspect ratio ranging from 1.1 to 2001 in
contact etch applications.

10051} The disclosed ioding-containing efching compounds may provide infinile
selactivity for wide process conditions of efching. Herein the selectivity refers 1o the etching
rate ratio of two different layers. For example, the selectivity for Si0 layer vs. a-C layeris the
etch rate of the SIO divided by the etching rate of the a-C layer. The disclosed iodine-
containing etching compounds may provide improved seleclivity between the silicon-
containing films and mask materials, less damage to channel region, improved critical
dimension uniformity and reduced profile distortion such as bowing, twisting, tapering,
notching, under-cut, maintain the same critical dimension from top to bottom of the elch
structure and arcing in pattern high aspect ratio structures. The disclosed iodineg-containing
etching compounds may also etch through alternating layers of p-Si, SIO, andfor SIN,
resulting in a vertical etch profile. (e, demonstrating selectivity ranging from 21 o 1.2
between the allernating layers). The disclosed ioding-containing etching compound plasma
efches the alternating Si0 and SIN (ONON) layers having a selectivity between approximately
1.2 to approximately 2:1 with respect to the SIiO layer versus SIN laver. Preferably, the
disclosed iodine-containing etching compound plasma efches the alternating SIO and SIN
{ONON) fayers having a selectivity of approximately 1:1 with respect to the Si0 layer versus
SiN layer.

{00523 The disclosed ioding-containing etching compounds are provided at greater than
88% viv purity, preferably at greater than 99.99% viv purity, and more preferably al greater
thar 98.899% viv purity. The disdosed icdine-containing etching compounds contain less
than 5% by volume trace gas impurities, with less than 150 ppm by volume of impurity gases,
such as N and/or H.0 andior CO», contained in said trace gaseous impurities. Preferably,
the water conient in the plasma stching gas is less than 20 ppm by weight. The purified
product may be produced by distillation and/or passing the gas or liguid through a suitable
adsorbent, such as a 4A molecular sieve.

10053] The disclosed icdine-containing etching compounds contain less than 10% viv,
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preferably less than 1% viv, more preferably less than 0.1% viv, and even more preferably
less than 0.01% viv of any of iis isomers, which may be purified by distillation of the gas or
liquid to remove isomers and may provide better process repeatability.

{0054} Alternatively, the disclosed iodine-containing eiching compounds may contain
between 0.01% viv and 99.98% viv of itz isomers, particularly when the isomer mixture
provides improved process parameters or if isolation of the target isomer is too difficult or
expensive. For example, the disclosed ioding-containing etching compounds may comprise
between approximately 50% viv and approximately 75% viv 1-lodononafluorcbutane and
between approximately 25% viv and approximately 50% viv Z-lodononafiuorobutane and
betwesen approximately 25% viv and approximately 50% viv lodononaflucro-t-butane. The
mixture of isomers may also reduce the need for two or more gas lines to the reaction
chamber.

[0055] Some of the disclosed iodine-containing etching compounds are gaseous af room
{femperature and atmospheric pressure. For the non-gasecus (e, liquid or solid)
compounds, their gas form may be produced 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-gaseous compounds may be fed in liquid state to a vaporizer where
it is vaporized before it is introduced into a reactor.

[0058] The disclosed icdine-containing efching compounds are suitable for plasma
efching semiconductor structures, such as, channel holes, gale trenches, staircase contacts,
slits, capacitor holes, contact holes, self-aligned contact, self-aligned vias, super vias efc., in
the silicon-containing films. The disclosed ioding-containing eiching compounds are not only
compatible with currently available mask materials but also compatible with the future
generations of mask materials because the disclosed iodine-containing etching compounds
induce little to no damage on the mask along with good profile of high aspect ratio structures.
in other words, the disclosed iodine-containing eiching compounds may produce vertical
etched patterns having minimal t© no bowing, pattern collapse, or roughness. In order to
achiave these properiies, the disclosed iodine-containing etching compounds may deposit
an etch-resistant polymer layer during etching (o healp reduce the direct impact of the oxygen
and fluorine radicals during the elching process. The disclosed iodine-containing etching
compounds may also reduce damage to p-Si or crystalline 5i channel structure during
etching.

{0087} The disclosed jodine-containing etching compounds selectively eich the silicon-
containing layers from a buried landing laver or material which is a metal layer located at the
bottom of the structure 1o be etched in most applications. The disclosed iodine-containing
etching compounds do not etch metal landing layers. The buried landing layer may be an
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gtching stop layer or a diffusion barrier layer. Materials of the melal landing layers may be a
tungsten metal worldline in a 3D NAND siructure and/or ancther 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 as AIQ, WO, HIO, TiO,
TaG, InO, CrO, RuG,Co0, MO, Zr0, Sn0 TiN, TaN, HiN, AIN, WN, MoN, NiN, NbN, CrN,
RuN, CoN, ZrN, SnN or combination thereof etc. The disclosed isdine-cartaining etching
compounds induce litde to no damage to the material at bottom of the contact hole, staircase
and slit (such as tungsten metal world line in a 3D NAND structure and/or other metals 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.) and/or eich stop layers such as metais or metal oxides or nitrides layer (AIQ,
WO, HfO, TiO, Ta0, inQ, CrC, RuQ CoO, MoC, Zr0, SnO TiN, TaN, HiN, AlN, WN, MoN,
NIN, NbN, CrN, RuN, CoN, ZrN, BnN or combination thereof etc.). One of ordinary skill in the
art will recognize that g barrier layer can also be composed of a combination of the previously
merttioned metals and metals oxide and nitride, such a barrier layer being TUTIN, TiTiN/TI,
TiZrN, Ta/TaN, TaN/Cu/TaN, TaN/Ruw/TaN etc. A barrier might also containad silicide {such
as TISIN, Ta8iN, TiSh, MnSi0Q, elc)}, phosphide (such as CuWwP, NiMoR, NiP etc), carbide
{such as TaC, TaCN, WCN etc), boride {such as NiMoB, NiB eic.) or combination thereof.
Preferably, the disciosed odine-containing etching compounds are suitably volatile and
stable during the etching process for delivery into the reactor/chamber.

[0058] Material compatibility tests are important to determine if any of the disciosed
indine-containing elching compounds will react with chamber malterials and degrade the
performance of the chamber with short term or long term use. Key materials involved in parts
of the chamber, valves, sfc. include stainless stes!, aluminum, nickel, PCTFE, PVDF, PTFE,
PFA, PP, kalrez, viton and other metals and polymers. At times these materials are exposed
o high temperatures, for exampie, higher than 20°C, and high pressures, for example, higher
than 1 atim, which may enhance their degradation. The metrology methods may include visual
inspection, weight measuremeant, measuwring nanometer scale changes in scanning slectron
microscopy (SEM), tensile strength, hardness, efe.

[0059] The disclosed iodine-containing etching compounds may be used to plasma etch
silicon-containing films on a substrate. The disciosed plasma etching method may be useful
in the manufacture of semiconductor devices such as NAND or 3D NAND gates or Flash or
DRAM memory or fransistors such as fin-shaped field-effect transistor (FinFET), Gate All
Around(GAA)-FET, Nanowire-FET, Nanosheet-FET, Forksheel-FET, Complementary FET
(CFET), Bulk complementary metal-oxide-semiconductor (Bulk CMOS), MOSFET, fully
depleted silicon-on-insulator (FO-301) structures. The disclosed iodine-containing eiching
compounds may be used in other areas of applications, such as different front end of the line
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{(FEOL) and back end of the line (BEOL) etch applications. Additionally, the disclosed iodine-
containing etching compounds may aiso be used for eiching 51 in 3D through silicon via
(TSV) etch applications for interconnecting memory to logic on a substrate and in MEMS
applications.

100807 The plasma etching method includes providing a reaction chamber having a
substrate disposed therain. The reaction chamber may be any enclosure or chamber within
a device in which efching methods {ake place such as, and without limitation, reactive ion
etching (RIE), capacitively coupled plasma (CCP) with single or multiple frequency RF
sources, inductively coupled plasma (ICP), or microwave plasma reactors, or other fypas 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
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 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.

00813 Alternatively, the plasma-treated reactant may be produced ouiside of the reaction
chamber. The MKS instruments’ ASTRONI® reactive gas generator may be used to treat the
reactant prior to passage into the reaction chamber. Operated at 2.45 GHz, 7kW plasma
power, and a prassure ranging from approximately 0.5 Torr 10 approximately 10 Torr, the
reactant O, 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 kWto about 7.5 KW,

o062} 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 1o 450
mm diameters. The substrates may be any suitabie subsirates used in semiconductor,
photovoltaic, flat panel or LCD-TFT device manufacturing. Examples of suitable substrates
include wafers, such as silicon, silica, glass, Ge, SiGe, Gadn, InGaAs, GaSh, InP, or GaAs
wafers. The wafer will have multiple films or favers on it from previous manufacturing sieps,
including silicon-containing films or layers. The layers may or may not he patterned.
Examples of suilable layers include without limitation silicon (such as amorphous silicon, p-
Si, crystalline siticon, any of which may further be p-doped or n-doped with B, C, P, As, G3,
in, Bn, Sb, Bi and/or Ge), silica, silicon nitride, silicon oxide, silicon oxynitride, Si,0sHLCalN,,
{wherein a>C; b, ¢, d, e 2 0),Ge, 3iGe, Gadn, InGaAs, GaSb, InP; mask layer materials such
as amorphous carbon with or without dopants, antireflective coatings, photoresist materials,
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a metal oxide, such as AIQ, TiO, HIO, Zr0, Sn(, Tal stc. or a metal nitride layer such as
AN, ZrN, SnN, HIN, titanium nitride, tantalum nitride ete. or combinations thergof, eich stop
layer materials such as silicon nitride, polysilicon, crystalline silicon, silicon carbide, SION,
SICN or combinations thereof, device channel materials such crystalline silicon, epitaxial
silicon, doped silicon, SiOuHCuNe, (wherein >0, b, ¢, d, € 2 0) or combinations thereof.
The silicon oxide layer may Torm a dielectric material, such as an organic based or silicon
oxide based low-k dielectric maierial {e.g., @ porous SiICOH film). An exemplary low-k
dielectric material is sold by Applied Materials under the trade name Black Diamond I or fiL
Additionally, layers comprising tungsten or noble metals (e.¢g. platinum, paliadium, rhodium
or gold) may be used. Furthermore, examples of the silicon-containing films may be
SLOHCN,, (wherein a»0; b, ¢, d, & 2 0). Throughout the specification and claims, the wafer
and any associated layers thereon are referred to as substrates.

[0663] The following are exemplary embodiments of the subsirates on which the
disclosed iodine-containing etching compounds may be applied {0 etch.

[0064] in one embodimeant, & substrate 100 may include a stack of mulliple layers as
shown in FIG 1a. FIG. 1a is a cross-sectional side view of exemplary layers in a 30 NAND
stack to produce a 3D NAND gate. In FIG. 1a, a stack of seven alternative SIO/SIN (e,
104a/104b) layers 104 is located on top of a silicon wafer 102 {ie, ONON or TCAT
technology). In some applications, the wafer 102 may be a buried landing laver or material,
such as tungsten metal worldline in a 30 NAND structure and/or ancther metal such as W,
Cu, AL Ru, Pt, Ti, Ta, Ni, Co, Mo, Mn, Pd, Ir, Nb, Cr, RhV, Au, Ag or combination theraof
etc. andfor etch stop or diffusion barrier layers such as metais or metal oxides or nitrides
layer (AIO, WO, HIO, Ti0, TaG, inO, WO, CrQ, RuQ, Col, MoO, TiN, TaN, HN, AN, WN,
MoN, NiN, NbN, CrN, RuN, CoN or combination therecof stc.). One of ordinary skill in the ant
will recognize that g barrier layer can also be composed of a3 combination of the previously
mentioned metals and metals oxide and nitride, such a barrier layer being TITIN, TITINTI,
TiZrN, Ta/TaN, TaN/Cu/TaN, TaN/Ru/TaN etc. A barrier might also contained silicide (such
as TISIN, Ta8iN, TiSip, MnSIO, elc), phosphide (such as CuWP, NiMoP, NiP eic), carbide
{such as TaC, TaCN, WOCN etc.), boride {such as NiMoB, NiE eic.} or combination thereof.
One of ordinary skill in the art will recognize that some technciogies replace the SiN layers
104b with p-Si layers (e.g., SIO/p-Si or P-BICS technology). A hardmask layer 108 is located
on the top of the seven Si0O/SIN layers 104, The hardmask faver 106 may be an amorphous
carbon {8-C) hardmask layer with or without dopants. The hardmask layer 108 may be a
layer of CVD, PECVD, ALD, PEALD or spin on depasited (SOD) amorphous carbon or doped
amorphous carbon, silicon-containing spin on mask, or carbon-containing apin on mask. The
hardmask layer 188 may contain C and H, as well as cther elements, such as boron, nitrogen,
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sulfur, chioring, flucrine or metals (Al, Zr, Ti, W, Y) efc., 10 improve etch resistance during
SIOSIN layer efch. In this case, the hardmask layer 108 is a doped a-C layer, for example,
a boron-doped a-C layer, a tungsten-doped a-C layer, ete. An antireflective coating layer 108
is iocated on top of the hardmask layer 106, A patterned photoresist layer 110 is located on
top of the antireflective coating layer 188. Herein, a SION layer {not shown) may be present
between the antireflective coating layer 108 and the hardmask layer 108 to transfer the
pattermn in photoresist fayer 110 to the hardmask layer 108 to form a patierned hardmask
layer. One of ordinary skill in the art will recognize that the stack of layers in the substrate
108 in FIG. 1a is provided for exemplary purposes only and that the disclosed iodine-
containing stching compounds may be used to elch other types of stacks of layers.
Furthermore, one of ordinary skiil in the art will recognize that the number alternating SiO/SIN
or Si0/p-Si layers 104 in the stack of the substrate 188 may vary (L.e., may include more or
less than the seven SIO/SIN (104a/104b) lavers depicted).

[0065] FIG. 1b is a cross-seclional side view of the sxemplary layers in the 3D NAND
stack of FIG. 1a showing polymer deposited on a sidewall by etching. The disclosed iodine-
containing etching compounds may produce fragments during the plasma process that are
suitable for both anisotropically etching the silicon-containing films 104 and depositing an i-
containing polymer passivation layer 212 on sidewalls of a structure being etched as shown
in FIG. 1b. The difference between FIG. 1k and FIG. 1a is in FIG. 1b via 214 is formed in
substrate 100 by plasma etching using the disciosed iodine-containing etch compounds,
which also deposit the polymer passivation layer 212 on the sidewalis of the via 214. The
polymer passivation layer 212 also provides smoother sidewall, less bowing and less
deformation at the bottom of the via 214, The polymer passivaiion layer 212 may howeaver
be easily removed or cleaned by dry or wet efch chemistries known in the art.

(0066} FIG. 1c is a cross-sectional side view of the exemplary lavers in the 3D NAND
stack of FIG. 1a showing particles 316 generated during alternating SIO/SIN layer efching in
a 30 NAND stack. The particles 318 generated on the sidewalls of the alternative SiO/SIN
{(i.e., 104a/104b) layers 104 as shown in FIG. ¢ may be minimized by using the disclosed
iodine-containing etching compounds. The difference betwean FIG. 1o and FIG. 1b is in FIG.
¢ the allernative SIO/SIN exposed sidewall has particles 318 generated during plasma
etching. Applicants do not beliave that the disclosed iodine-containing efching compounds
will generate the pariicles 316 shown in Fig. fc.

100877 FIG. 1d is a cross-sectional side view of the exemplary layers in the 3D NAND
stack of FIG. 1a showing selective isotropic etching of the SiN layers 104b exposad on the
sidewall in the 3D NAND stack after the anisotropic etching process. The SIN exposed
sidewall in stack 180 may be elched selectively as shown in FIG. 1d by using the disclosed
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iodine-containing etching compounds to selectively break the Si-N bonds in the SBIN layers
10485 over the Si-0 bond in the Si0 layers 104a forming a selective sidewall SiN etch 418 on
the stack of SIO/SIN [ayers 104 in the via 214. The difference between FiIG. 1d and FIG. 1b
is in FiG. 1d SIN exposed on the alternative SIO/SIN sidewall is selectively efched by the
disclosed iodineg-containing etching compounds forming the selective sidewall SiN efch 418,
Typically, the selective sidewall SIN etch 418 is performed by wet etching using mixtures with
phosphoric acid. Replacing wet etch process with dry plasma etch processes is known to
greatly improve the economics of semiconducior device fabrication process since wet giching
requires moving the substrate to different wet eiching equipment. With the disclosed
methods, all etching, including the selective sidewall SiN etch of FIG. 1d, may be performed
in one piece of siching equipment, which may reduce the cost of the semiconductor
fabrication.

[0668] i alternative embodiment, substrate 108 may include a stack of muitiple layers
thereon as shown in FIG. 2. FIG. 2 is a cross-sectional side view of exemplary layers in a
DRAM stack to produce a DRAM mamory. In FIG. 2, a stack of four layers is located on top
of a silicon wafer 182. A hardmask layer 106 is located on top of a large Si0O layer 104a. An
artireflective coating layer 108 is lccated on top of the hardmask layer 188, A paltern
photoresist layer 118 is located on top of the antireflective coating 188. A SION fayer (not
shown) may be present between the antireflective coating layer 108 and the hardmask layer
108 to transfer pattern in photoresist layer 110 {o the hardmask layer 106. One of ordinary
skill in the art will recognize that the stack of fayers in FIG. 2 is provided for exemplary
purposes only and that the disclosed iodine-containing etching compounds may be used to
etch other stacks of layers, for example, for a stack where the hardmask layer 106 is replaced
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 lavers depicied).
[0069] FIG. 3a is a cross-sectional side view of exemplary layers showing photoresist
pattern over SO insulation layer surrounding a typical transistor device region to produce a
fransistor structure. Substrate 800 may include a stack of four layers surrounding a transistor
gate slectrode region supported on the Silicon wafer 882 as shown in FIG. 3a. The transistor
region shown in FIG. 3a includes two doped silicon regions 808 acting as source and drain.
Transistor gate diglectric 8144 is present underneath gate slactrode 818. The whole transistor,
ie, transistor gate dielectric 814 and gate electrode 818, is surrocunded by a thin SIN layer
808 which may later act as eich stop layer during contact etch. Each transistor davice region
816/606 is separated by SIO isolation regions 604 in the silicon wafer 802 {c minimize
electrical interference. One of ordinary skill in the art will recognize that layer 602 may be
located on top of a silicon oxide layer of the Silicon on Insulator (SO wafer. Another SIO
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layer 610 is deposited on the transistor and used to insulate any metal contact to the
transistor device regions 886. Photoresist mask 612 is used to patiermn the SiO layer 610
Eiching is performed using the disclosed iodine-containing etching compounds in plasma
environment. The photoresist mask 812 serves as a tempilate to eteh the Si0 layer 610 and
efching is stopped on the SIN layer 808 as shown in FIG 3b.

100707 FIG. 3b is a cross-sectional side view of the exemplary layers of FIG. 3a after
etching the SIC insulation layer. The difference between FiG.3b and FIG. 3a is in FIG. 3b
vias 718 are formed in the SIO layer 810 through etching by the disclosed iodine-containing
efching compounds. The Si0 layer 610 may be stched with photoresist fayer 812 as a mask
layer. The mask layer may be any suitable photoresist mask materials, such as TiN, a-C and
so on. The efching may be stopped at the underlying SiN layer 608.

[00714] The disclosed iodine-containing etching compounds may also be usedto elch the
SiN layer 608 with different plasma conditions and different mixtures. One of ordinary skill in
the art will recognize that the stack and geometry of lavers in FIG. 3a and FIG. 3b is provided
for exemplary purposes only and that the disclosed 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 or
leas than the four layers depicted),

(0072} The vapor of the disclosed iodine-containing etching compounds is introduced into
the reaction chamber containing the subsirate and silicon-containing films. The vapor may
be introduced {o the chamber at a flow rale ranging from approximately 0.1 scem 1o
approximately 1 sim. For example, for a 200 mm wafer size, the vapor may be introduced to
the chamber at a flow rate ranging from approximately 5 scom 1o approximately 50 scom.
Alternatively, for a 450 mm wafer size, the vapor may be introduced to the chamber at a flow
rate ranging from approximately 25 scom to approximately 250 scem. One of ordinary skill in
the art will recognize that the flow rate may vary from tool to tool.

[0073] The disclosed ioding-containing etching compounds may be supplied either In
neat form or in a blend with an inert gas, such as No, Ar, Kr, Ne He, Xe, etc,, or solvent. The
disclosed iodine-containing efching compounds may be present in varying concentrations in
the blend. For liquid iodine-containing efching compounds, the vapor form of the iodine-
containing etching compounds may be produced by vaporizing the neat or blended iodine-
containing etching compound solution through a conventional vaporization step such as
direct vaporization or by bubbiing. The neat or blended icdine-containing etching compounds
may be fed in liquid state to a vaporizer where it is vaporized before it is introduced into the
reactor.

10074} Alternatively, the neat or blended iodine-containing etching compounds may be
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vaporized by passing a carrier gas into a container containing the disciosed iodina-containing
etching compounds or by bubbling the carrier gas into the disciosad ioding-containing eiching
compounds. The carrier gas may include, but is not limited 1o, Ar, He, Na, Kr, Xe, Ne and
mixtures thereof. Bubbling with a carrier gas may also remove any dissolved oxygen present
in the neat or blended icdine-containing etching compound solution. The carrier gas and
disclosed icdine-containing etching compounds arg then introduced into the reactor as a
Vapor.

10075) If necessary, the container containing the disclosed iodine-containing etching
compounds may be heated to & temperature that permils the iodine-containing etching
compounds {o be in liquid phase and {0 have 3 sufficient vapor pressure for delivery into an
etching tool. The container may be maintained at temperatures in the range of for example,
approximately 0°C o approximately 180°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 healing lines to the etch tool Those skilled in the arl recognize that the
temperature of the container may be adjusted in a known manner (o control the amount of
icdine-containing etching compound vaporized,

[0076] Additionaily, the iodine-containing eiching compounds are delivered in purity
ranging from 95% to 99.998% by volume and may be purified with known standard
purification techniques for removal of CO, CO;z, Nz, HO, HF, HoS, 80;, halides, and other
hydrocarbons or hydrohalocarbons.

[0077] An inert gas is also introduced into the reaction chamber in order {0 sustain the
plasma. The inert gas may be He, Ar, Xe, Kr, Ne, Nz, He or combinations thereof. The eiching
gas and the inert gas may be mixed prior 1o introduction o the chamber, with the inert gas
comprising between approximately 0.01% viv and approximalely 89.9% viv of the resulting
mixture. Alternatively, the inert gas may be introduced o the chamber continuously while the
etching gas is introduced to the chamber in pulses.

[0078] The vapor of the disclosed etching gas and inert gas are activated by plasma fo
produce an activated etching gas. The plasma decomposes the eiching gas into radical form
{i.e., the aclivated etching gas). The plasma may be generated by applying RF or DC power.
The plasma may be generated with a RF power ranging from aboui 25 W o about 100,000
W. The plasma may be generated remotely or within the reactor iiself. The plasma may be
generated in dual COP or {CP mode with RF applied at both slectrodes. RF frequency of
plasma may range from 100 KHz to 1 GHz. Different RF sources at different frequency may
be coupled and applied at same electrode. Plasma RF pulsing may be further used o control
molecule fragmentation and reaction at substrate. One of skill in the art will recognize
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methods and apparatus suitable for such plasma treatment.

100791 A guadrupole mass spectrometer (QMS), optical emission spectrometer, FTIR, or
other radicalfion measurement tools may measure the aclivated etching gas from the
chamber exhaust to determine the types and numbers of species produced. If necessary, the
flow rate of the etching gas andfor the inert gas may be adjusted {0 increase or decrease the
number of radical species produced.

o080 The disclosed etching gases may be mixed with other gases either prior o
introduction into the reaction chamber or inside the reaction chamber. Preferably, the gasses
may be mixed prior to introduction to the chamber in order to provide a uniform concentration
of the entering gas.

0081} In ancther alternative, the vapor of the iodine-containing etching compound may
be introduced into the chamber independently of the other gases, such as when fwo or more
of the gases react or are easier to deliver independently.

[0082] In another alternative, the etching gas and the inert gas are the only two gases
that are used during the etching process.

(00831 Exemplary other gases include, without limitation, oxidizers such as Oz, Os, CO,
COz, NO, N2O, NO2, Ho0O, H202 COS, 50: and combinations thereof. The disclosed siching
gases and the oxidizer may be mixad together prior to introduction into the reaction chambaer,
(0084} Alternatively, the oxidizer may be introduced continuously into the chamber and
the etching gas introduced into the chamber in pulses. The oxidizer may comprise belween
approximately 0.01% viv 1o approxdimately 88.89% viv of the mixture introduced into the
chamber (with 99.99% viv representing introduction of almost pure oxidizer for the
continuous introduction alternative).

[0085] Other exemplary gases with which the disclosed iodine-containing etching
compounds may be used include additional stching gases, such as cCsFs, CsFe, 0CsFg, CsFs,
CaFs, CFg, CHaF, CF3M, CHoFy, CsHFy CaFs, CaHalFs, Calals, CsHaFs, CaHFy, CsHF g CaFe,
CoFs,  CFal,  CoFal,  CoFsl, CoFdt t-lodoheptafluoropropane (1-CaFql), 2-
lodoheptaflucropropane {(2-CsF7l), CaHF;, COS, FNO, F-C=N, C&; 50, 8Fs trans-
1,1,1,4,4, 4-hexafluoro-2-butene  (frans-CsHoFe), cis-1,1,1,4,4,4-hexafluoro-2-butene  {cis-
CaHaFs), hexafluorcisobuiene (CiHoFe), trans-1,1,2,2,3 4-hexafluorocyciobutane  (frans-
CalaFa), 1,1,2,2 3-pentaflucrocycicbutane  (CaHaFs), 1,1,2, 2-tetrafluorocycicbutana
(CaHaFy), and cis-1,1,2,2,3 4-hexafluorocyclobutane {cis-CaHaFs) or combination thereof.
For example, approximately 1% viv 10 approximately 25% viv of the disclosed iodine-
containing etching compound may be used with a balance of C4Fs or cCsFs. As shown in the
examples that foliow, the combination of the disclosed iodine-containing eiching compounds
with conventional etch gases may result in increased etch rates while maintaining the higher
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salectivity between the substrate and layer {0 be elched associated with the disclosed iodine-
containing etching compounds.

[ooge] The vapor of the disclosed iodine-containing eiching compounds and the efching
gas may be mixed prior {0 introduction to the reaction chamber. The additional eiching gas
may comprise between approximatealy 0.01% viv 1o approximately 98.99% viv of the mixture
introduced into the chamber.

foo8T] It one non-limiting exemplary plasma etch process, the vapor of a disclosed
icdine-containing compound, such as CsFdl, is infroduced into a 200 mm Dual CCOP plasma
etch tool using a controlied gas flow device. The controlied gas flow device may be a mass
flow controller or a bubbler design with inert gas flow to deliver the vapor of the desired
molacule. in case of high boiling point molecules, a special low pressure drop mass flow
controller from Brooks Automation (No. GF120X8D), MKS Instruments, sfc., 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
CCF slactrodes is kept at 1.35 om and the top slectrode RF power is fixed at 750 W. The
bottom electrode RF power is varied to analyze the performance of the molecule. The
reaction chamber containg a substrate having silicon-containing films thereon, similar o
those shown in FIG. 1a. The antireflective coatling layer 108 is patterned/etched by a
fluoroccarbon {e.g., CF4 and CH:F,) and oxygen-containing gas {e.g., Q). The amorphous
carbon mask layer is paiterned/etched by an axygen-containing gas. The Si0 and SiN layers
104 are patterned by the plasma of the disclosed indine-containing etching compounds (e.g.,
CaFel) and Argon. Argon is independently introduced into the chamber at a 250 scom flow
rate. CsFql is independently introduced into the chamber at 15 scom. Oq is independently
intreduced into the chamber and varied from 0 scom to 20 scom to determing optimum
etching conditions. An aperture having an aspect ratio egual to or greater than 101 is
produced, which may be used as a channel hole or contact hole or staircase efch, slit efch in
3D NAND. Simitar example may be used for other stack layers as shown in Figs 2 and 3a.
{0088} in another non-limiting exemplary plasma etch process, CaFdl is introduced into a
200 mm Bual CCP plasma eich tool using a controlled gas flow device. The controlled gas
flow device may be a mass flow controlier. In case of high boiling 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 appraximately
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 om and the top electrode RF power
is fixed at 750 W. The bottom electrode RF power is varied {0 analyze the performance of
CaFol. The reaction chamber contains a substrate 180 having a thick SO layer 104a thereon,
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simitar to the tayer shown in FIG. 2. Prior to this process, the antireflective coating layer 108
is removed by a fluorocarbon {e.g., CF.) and oxygen-containing gas (.., Oz} and the A-C
mask layer 108 is removed by an oxygen-containing gas. Argon is independently introduced
into the chamber at 2 250 scom flow rate. CaFsl is independently introduced into the chamber
at 158 scom. Op is independently introduced into the chamber at 0-20 scom to determine
optimum etching conditions. An aperture having an aspect ratio equal to or greater than 101
is produced, which may be used as a contact hole in DRAM. Similar examples may be used
for other stack layers as shown in Figs 1a and 3a.

(00891 The silicon-containing films and the aclivated iodine-containing etching gas react
to form volatile by-products that are removed from the reaction chamber. The a-C mask,
antireflective coating, and photoresist layer are less reaclive with the activated eiching gas.
Thus, the aclivated etching gas selectively reacts with the silicon-containing films {o form
volgtile by-products.

{0030} The temperature and the pressure within the reaction chamber are held at
conditions suitable for the silicon-containing film to react with the activated etching gas. For
instance, the pressure in the chamber may be held between approximately 0.1 mTorr and
approximately 1000 Torr, preferably between approximataly 1 mTomr and approximately 10
Torr, more preferably between approximately 10 mTom and approximately 1 Torr, and more
preferably between approximately 10 mTorr and approximately 100 mTorr, as required by
the eiching parameters. Likewise, the substrate temperature in the chamber may range
between about approximately -196°C {o approximately 500°C, preferably betwsen
approximately -120°C to approximately 300°C, more preferably between approximately -
100°C to approximately 50°C; and more preferably between approximately -10°C o
approximately 40°C. Chamber wall temperatures may range from approximately -196°C to
approximately 300°C depending on the process requiremernts.

(0091} The reactions between the silicon-containing film and the activated etching gas
result in anisotropic removal of the silicon-containing films from the substrate. Atoms of
nitrogen, oxygen, andfor carbon may also be present in the silicon-containing film. The
removal is due o a physical sputiering of silicon-containing film from plasma ions
{accelerated by the plasma) andfor by chemical reaction of plasma species to convert Si o
volatiie species, such as SiF,, wherein x ranges from 1-4,

[0082] The plasma activated vapor of the disclosed iodine-containing etching compounds
preferably exhibits high selectivity toward the mask and etches through the altemating layers
of Si0 and SiN resuiting in a vertical etch profile with no bowing or roughness, which is
important for 3D NAND applications. Additionally, plasma activated vapor deposits polymer
on sidewall o minimize feature profile deformation. For other applications, such as DRAM
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and 2D NAND, for example, the plasma aclivated elching gas under different process
conditions may selectively etch SIO from SIN. The plasma activated efching gas may
selectively etch SIO andior SIN from mask layers, such as a-C, photoresist, p-Si, or silicon
carbide; or from metal contact layers, such as Cu, W, Ry, etc.; or from channel regions
consisting of SiGe or polysilicon regions.

[0083] The disclosed eich processes using the disclosed iodine-containing efching
compounds as the setching gases produce channel holes, gate trenches, staircase contacts,
capacitor holes, contact holes, contact etch, slit etch, self-aligned contact, self-aligned vias,
super vias efc., in the silicon-containing films. The resulting aperture may have an aspact
ratio ranging from approximately 10:1 to approximately 200:1 and a diamster ranging from
approximately & nm {o approximately 500 nm, preferably less than 100 nm. For example, one
of ordinary skill in the art will recognize that a channel hole etch produces aperiures in the
silicon-containing films having an aspect ratio greater than 50:1.

[0084] Typical materials that need {0 be efched may be SiO. A process of eiching SIO
may be relevant to  eiching trenches in  Borophosphosilicateglass  (BPSG),
Tetrasthylorthosilicate (TEQS), or low deposition rate TECS (LDTEOS). An efch stop layer
may be silicon nitride or silicon oxygen nitride (SION) or poly silicon. A mask material used
may be a-C, p-Si, or photo resist materials. Herein, the disclosed iodine-containing etching
compounds are applied o etch SIO, SIN, p-8i and/or a-C substrate films.

[G095] As shown in the examples that follow, evaluations of dry etching of SIO, SN, p-Si
and a-C films with the disclosed iodine-containing etching compounds show that the iodine-
containing HFCs vield highest selectivity of silicon oxide to amorphous carbon, silicon nitride
and p-5i than the prior art fluorocarbons. The reason for high selectivity may be atlributed to
the formation of low F/C iodine containing fragments during plasma dissociation of the eich
gases, which resuits in the formation of a prolective polymer film on the subsirales.
Additionally, the iodine is jonized and bombards the surface with the heavy | ion similar 1o
inert gases such as Ar, Kr, and Xe. Also the iodine ionized atoms modifies the surface of the
organic hard mask, by doping it and improving its atch resistance, so as to favor high aspect
ratio etch. The activated iodine-containing etching compound produces iodine ions, which
strengthens the patterned mask layer, thereby reinforcing and minimizing damage o a
patterned mask layer while forming a patterned structure in the substrate. The eiching gas
results presented herein show they are not only ready for patierned structure etch process,
such as contact etch process, but also may be beneficial for other etching processes on
silicon or metal containing substrates, including low k etching processes. In addition, in the
process of forming the patterned structure by elching with the disciosed iodine-containing
etching compound, an eich resistance of the pattern mask layer may be increased by doping
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iodine 1o the surface of the pattern mask layer, thereby modifying the surface. In this case,
the iodine ions from the activated iodine-containing etching compound are implanted into the
patterned mask layer {i.e., the surface andfor the body/bulk of the patterned mask layer)
while etching the silicon-containing film from the subsirate to form the pattemned structure.
Besides, the disclosed iodine-containing etching compounds are suitable for reduction of the
global warming potential caused by perfluoracarbon compounds.

Examples

[0086] The following non-limiting exampies are provided to further liustrate embodiments
of the invention. However, the examples are not intended to be all inclusive and are not
intended to limit the scope of the inventions described herein,
[00387] in the following examples, experiments were carried out with commercial LAM tool
4520XLe 200mm (CCP dual frequency plasma) or alternatively with commercial AMEC
3C0mm Primo §8C HD-RIE eicher. Planar wafers were purchased from Advantive Tech.
Planar wafers tested are four different substrates below.

2um PECVD TEOS (GIO) on Si substrate;

2um PECVD SisNs {SiIN) on i substrate;

300 nm LPCVD polysilicon (poly-5i) on Si substrate; and

350 PECVD amorphous carbon (a8-C) on Si substirate.
00971 For planar tests, etch rate (ER) were measured using an Ellipsometer and/or
scanning electron microscope {(SEM) by measuring the change in etch thickness as a
function of eiching time. The efching experiment were performed on four 1.5 x1.5 om®
coupons having four different subsirate materials including Si0O, SiN, p-Si and a-C, listed
above. The coupons are placed on 200 mm diameter carrier wafer and held in contact by
using silicon ol or thermal paste. Allernatively, double sided carbon tape obtained from 2 spi
manufacturer may have been used {o stick coupons on carrier wafer,
[0038] Etching tests were performed at g pressure of 30 mTorr, source power of 750 W
(27 MHz), bias power of 1500 W (2 MHz), and temperature 20°C. The feed mixture contains
250 scom of Ar, 15 scom of etch gas, while Oy is varied in the range 0 1o 20 scom.
[0039] 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 error bar in
the chart. Subsequently, polymer composition was studied by X-Ray Photoslectron
Spectroscopy (XPS).

Comparative Example
[0100]  FIG. 4 i5 g graph demonstrating etch rates of Si0, SiN, p-5i and a-C with 1-CaF4l
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{CAS No. 754-34-7), Oz and Ar In FIG. 4, the y-axis represents etch rales; the x-axis is
O, flow rate in scom; the 1-CaF5l flow rate is fixed at 15 scom, the Ar is fixed at 250 scom
while the O flow rate is varied from 0 to 20 scem. As the O; Tlow rate raise from 0 to 20 an
inversely proportional trend is observed: Si0; ER decreases as O: flow rate increase, while
SN, p-Si and a-C ERs increase as O: flow rate increases. Thus the highest selectivity,
meaning the ratic between Si0O ER and other materials ER rate is shown when no oxygen is
flown. At 0 scom of O, SIO./a-C selectivity 8 38.5, Si0,/p-Si selectivity is 22, and SIO/SIN
selectivity is 11

[0101] FIG. § is a graph demanstrating the slectron impact ionization energy (8V) versus
species concentration (Torr) of CaF2l. The dominant fragments produced at between 10 and
20 eV are CF;, CsF7, and L

Exampie 1
e} FIG. 8 is a graph demonsirating etch rates of Si0, SiN, p-Gi and a-C with 1-CsFal,
Oz and Ar. In FIG. §, the y-axis repraesents eich rates; the x-axis is O flow rate in scom, the
1-CaFol flow rate iz fixed at 15 scem, the Ar is fixed at 250 scom while the O flow raie is
varied from O to 20 scom.
[0103]  Asthe O, flow rate raise from 0 to 20 an inversely proportional trend is observed:
Si0, ER decreases as O, flow rate increases, while SiN, p-Si and a-C ERs increase as O,
flow rate increases. Thus the highest selectivity, meaning the ratio between 3i0 ER and other
materials ER rate is shown when no oxygen is flown. At O scem of s, SIOxa-C selectivity is
71, Si02/p-5i selectivily is 47, and SIO/SIN selectivity is 17. Comparing to the results of 1-
CaF7l shown in FIG. 4, 1-CsF 4l is better than 1-CaF7l both in terms of SIO: ER and selectivity
of Si0, vs all the other materials tested.
[0104]  Addition of inding gives increased fragmentation for both 1-CsF+l and 1-CsFol due
to the C-l wesker bond. The lower ionization threshold of the lodine ion bombarding the
surface vields increased selectivity for etching oxide {8i0) versus a-C, poly-Si or SiN. Table
3 is a comparison with benchimark standard etch gases ¢CyFs and C4Fs, commonly used in
the industry. 1-C4F3l shows higher SiG./a-C selectivity than benchmark gases {(cCsFs and
(CaFs), respectively ~88% and 85% higher, and ~46% higher than 1-CsF/l. 1-CsFsl shows
higher 5i0; ER than benchimark gases (cCuFe and CsF:), respectively 8.6% and 16.4%
higher, and 9% higher than 1-CsF,l. FIG. 10 and FIG. 11 are graphs demonstrating etch rates
of Si0, SiN, p-Si and a-C with ¢CsFs and C4Fs, respectively.

Table 3

S0 ER [nmiémin] SiOxa-C selsctivity
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cCaFs 585 87
CaFs 535 10.7
1-CsFyl 580 38.5
1-CaF ol 640 71

Example 2

[0108]  XPS data analysis after 1-CsFgi etching on different a-C mask layers with or
without dopants.

[0108] XPS angle resolved at 75° sample tilting and depth profile were performead to
analyze the polymer composition on a-C masks and benchmarked with Si0, substrate.
Higlarg! In order to simulate the polymer layer formation occurring on the top surface and
on the sidewali during plasma processing etch of patierns the process condition were tuned:
a-C mask, Boron-doped a-C [8-C(B)] and Tungsten-doped a-C [a-C{W)] and Si0: (TEOS)
coupons were etched at 30 mTorr for 60 sec, source power 750 W (27 MHZ), and bias power
1500W (2MHz) at the substrate. The process feed the mixiure contains 125 scom of Ar, 30
scom of 1-CaFol and no Oz The neulrals and the active species reaching the surface stick to
the surface, based on their sticking coefficiant, and deposit a thin polymaer fayer. This thin
polymer layer may be responsible for sidewall passivation and often provides the selactivity.
Table 4 to Table 6 are XPS angle resolvad at 75° on different a-C layers after 1-C4Fl etching.

BE [eV] | Atomic conc. [%] | Error [%] | Mass conc[%] | Error [99]
" ojs 52@...@ . 494 _______ . 19 45{ _______ m_%_
. ””;517 P P S e IS
Fjs 68&.@.;6 . 3865 _______ 032 : 4547 _______ 030
o 282 . i O N - 75 O o
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O1s | 52040 4.57 0.18 4.28 0.18
E3d 616 - ...é'ag ............. S - 4%1. ............ U
i 15 ..... - 50 3738 ....... . 38 41 L 033
. ,gé ......... - 3@ 5255 .............. 5 47 36? ........... O35
B1is 184.00 3.41 0.57 215 0.38

Table 6. XPS angle resolved at 75° on 8-C(W)

| BE {eV] Atomic cone. [9%] Error [%] | Mass cone.[%)] Error (%]

____5_18 53069 : 605 R G ot e —
S P R 0104 ______ 1339 _______ 027

F1S : 68;_?0 3433 _______ O P SO SRR

Cis 28289 5?39 .............. 045 ......... VP P
W4 | 3170 0.39 0.02 412 0.19

[0108]  Superficial atomic concentration of lodine in the 3 different a-C masks [a-C, 8-C(B)
and a-C(W)] is comparable: ~2%.
[0109] For XPS depth profile, large cluster ion gas Argee” &t 5 keV ion energy have been
used, instead of monoatomic Art in order to minimize the chemical damage and avoid
potential knock-on of iodine atoms during Argon sputtering, which is likely to happen during
organic material sputtering, such as flucrecarbon polymer or amorphous carbon.
[0110] Depth profile on a-C subsirate: Superficial atomic concentration (%) is listed in
Table 7 and FiG. 7. Depth profile on a-C(B) subsirate: Superficial atomic concentration (%)
is listed in Table 8 and FIG. 8 Depth profile on a-C{W) substrate: Superficial atomic
concentration (%) is listed in Table 8 and FIG. 8. Superficial atomic concentration after 1-
C4Fol etch on SIO; substrate is listed in Table 18,

Table 7
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Cls Fis O1s [3d
64.4 228 10.0 1.5

Tabie 8
Cits Fis O1s B1is i13d
82.0 205 10.7 4.0 1.8

Table 8
Cis Fis Ots W4 i3d
625 23.0 10.4 0.9 1.8

Table 10
Si2p Cis F1s O1s i3d
24.0 18.4 11.8 53.1 0.3

o111} The disclosed lodine-containing eiching compound show an interesting behavior
during a-C mask efch compared to eich of Si-based materials. According to XPS data, lodine
penetrates deeply on a-C mask, similar to a doping effect, helping preserving it during etch.
« lodineg detecied in all a-C, a-C(B) and a-C{W) around 2% superficially and in lower
amount deeper in the bulk;
s  Superficial CFl; (x24, vy 29, 22 1) polymer detected on all 3-C masks (up to 50 sec
gtch);
« lodine vs Fiuorine penetration in the different a-C masks:
= Ina-C | penetratas deeper than F (410 vs 450 sec respectivaly),
= in a-C (W) | penetrates deeper than F {980 vs 45 sec respectively),
= Ina-C (B): F peneiraies deeper than | (210 vs 80 sec respeciively),;
s In comparison lodine almost not detected (0.3%) on SiC. substrate, vary thin FC
polymer formed only.
(0112 This example shows that lodine ions modify the surface of the pattern mask by
depositing a polymer layer composed of Gyl atoms as well as the iodine ions penelrale
deep into the bulkk of the patiern mask layer. Correlating the XPS data regarding the
composition of patiern mask after etching with the etching data shown in the Example 1, the
effect of iodine ions can be observed. The iodine-containing etching compounds help
preserving the pattern mask layer by increasing the crosslinking with the organic layer,
making the pattern mask stronger and increasing its eich resistance.
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[3113]  Although the subject matter described herein may be described in the context of
ilustrative  implementations 10 process one o more  compuling  application
features/operations for a computing application having user-interactive components the
subject matter is not limited to these particular embodiments.  Rather, the iechnigues
describad herein may be applied 1o any suilable type of user-interactive component
execution management meathods, systems, platforms, and/or apparatus.

144} itwill be undersiood that many additional changes in the details, materials, sieps,
and arrangement of parts, which have been herein described and illustrated in order {0
explain the nature of the invention, may be made by those skilied in the art within the principle
and scope of the invention as expressed in the appended ciaims. Thus, the presentinvention
is not intended to be limitad to the specific embodiments in the examples given above andfor
the attached drawings.

[0115] While embodiments of this invention have been shown and described,
modifications thereof may be made by one skilled in the ar without departing from the spirit
or teaching of this invention. The embodiments described hersin 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 protection is not imited to the
embodiments described herein, but is only limited by the claims which follow, the scope of
which shall include all equivalents of the subject matier of the claims.
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