woO 2019/043448 A1 | 0000 0000000 0 O 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
07 March 2019 (07.03.2019)

‘O 0000 0 0 0 A
(10) International Publication Number

WO 2019/043448 Al

WIPO I PCT

(51) International Patent Classification:
HOIL 21/3065 (2006.01)

(21) International Application Number:
PCT/IB2018/000954

(22) International Filing Date:
28 August 2018 (28.08.2018)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
15/692,247 31 August 2017 (31.08.2017) UsS

(71) Applicant: L'AIR LIQUIDE, SOCIETE ANONYME
POUR L'ETUDE ET L'EXPLOITATION DES PRO-
CEDES GEORGES CLAUDE [FR/FR]; 75, Quai
d'Orsay, 75007 Paris (FR).

(72) Inventors; and

(71) Applicants (for US only): SHEN, Peng [CN/JP]; 28
Wadai, Tsukuba, Ibaraki 300-4247 (JP). URABE, Kei-
ichiro [JP/JP]; 28 Wadai, Tsukuba, Ibaraki 300-4247

(74)

@81)

84

(JP). YOKOTA, Jiro [JP/JP], 28 Wadai, Tsukuba, Ibara-
ki 300-4247 (JP). GOSSET, Nicolas [FR/JP]; 28 Wadai,
Tsukuba, Ibaraki 300-4247 (JP).

Agent: DE BEAUFORT, Frangois-Xavier et al.; 75 Quai
d'Orsay, 75007 Paris (FR).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

(54) Title: CHEMISTRIES FOR ETCHING MULTI-STACKED LAYERS

FIG. 1b

110

108

|
.

106

B

104
L

o= n'pairs

(57) Abstract: Methods for fabricating a 3D NAND flash memory are disclosed. The method includes the steps of forming a hard-
mask pattern on the hardmask layer, and using the hardmask pattern to form apertures in the alternating layers by selectively plasma
etching the alternating layers versus the hardmask layer using a hydrofluorocarbon etching gas selected from the group consisting of
1,1,1,3,3,3- hexafluoropropane (C3H,Fg), 1,1,2,2,3, 3-hexafluoropropane (iso-C3H;Fe), 1,1,1,2,3,3,3-heptafluoropropane (CsHF7), and
1,1,1,2,2,3,3-heptafluoropropane (iso- CzHF7), wherein the first etching layer comprises a material different from that of the second

etching layer.

[Continued on next page]



WO 2019/043448 A1 | [IN 1000000 000000 00O

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, IR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK, SM,
TR). OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



10

15

20

25

30

WO 2019/043448 PCT/IB2018/000954

CHEMISTRIES FOR ETCHING MULTI-STACKED LAYERS

Cross Reference to Related Applications
[0001] The present application claims the benefit of U.S. Application No.
15/692,247 filed August 31, 2017, being incorporated herein by reference in its

entirety for all purposes.

_ Technical Field
[0002] The present concept relates to a method for fabricating a semiconductor
device and, more particularly, to a method for fabricating 3D NAND architectures
using an etching gas capable of etching multi-stacked layers.

Background
[0003] Silicon oxide and silicon nitride (SiO/SiN) are important compositions for
tunnel and charge trapping in NAND type flash memory. Etching is applied to
remove silicon oxide and silicon nitride films from semiconductor substrates in
memory applications. For memory applications, such as 3D NAND (e.g., see US
2011/0180941), etching of stacks of multiple SiO/SiN layers is critical. The challenge
of etching vertical NAND memory (e.g., 3D NAND) is how to etch oxide and nitride

-layers with a similar etch rate as high as possible. Furthermore, the etched structure

should have a straight vertical profile (high aspect ratio) without bowing and low line
edge roughness (LER).

[0004] Traditional etch chemistries may not be able to provide a feature, such as
a hole or trench, having an asp;ect ratio higher than 20:1. A high aspect ratio (e.g., >
20:1') is necessary in the newer applications (e.g., 3D NAND), at least due to
insufficient etch resistant polymer deposition on sidewalls during the plasma etching
processes. Traditional etch gases include octafluorocyclobutane (cC4Fs), hexafluoro-
1,3-butane (C4Fé), tetrafluoromethane CFj4, difluoromethane CH:F2, fluoromethane
CH3F, and /or fluoroform CHF3. These hydrofluorocarbon étching gases may

produce sidewall polymers —CxF,—, where x ranges from 0.01 to 1 and y ranges from

0.01 to 4. These sidewall polymers may be susceptible to etching. See Standaert et

al (J. Vac. Sci. Techhol. A, 22, 53, 2004). It is well known in the art that selectivity

1
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and polymer deposition rate increases as the ratio of C:F increases (i.e., CaFe > C4Fs
> CFa) in the hydrofluorocarbons. See, e.g., US6387287 to Hung et al. As a result,
the etched patterns may not be straight vertical and the etch structure may show
bowing, change in dimensions, pattern collapse and/or increased roughness with the
traditional etch chemistries. Bowing may result from ion deflection in very narrow
etched spaces leading to bowing for the etch structures. See Bogart et al, J. Vac.
Sci. Technol A, 18, 197 (2000). It is important to minimize bowing to achieve the
etching profile with high aspect ratio (i.e., up to 200:1) needed for current |
applications (e.g., contact etch or 3D NAND).

[0005] It is challenging to find an etch gas that has similar high etch rates of SiO2
and SiN in terms of getting a smooth sidewall of high' aspect ratio etching structures
in 3D NAND applications.

[0006] In 3D NAND applications, a stack of alternating layers of SiO layers and
SiN layers are, for example, formed on a substrate and semiconductor structures,
such as, contact holes, staircase contacts, etc., are etched through the alternating
layers of SiO layers and SiN layers. Attempts to etch SiO and/or SiN layers using
hydrofluorocarbons as etching gas have been performed.

[0007] Anderson et al. (W0O2014/070838A) disclose a method for etching silicon
containing layers with C4 hydrofluorocarbons.

[0008] Umezaki et al. (US 9017571) disclose using 1,3,3,3-tetrafluoropropene
(trans- and cis-) and additive gas for etching silicon material, such as, silicon dioxide,
silicon nitride, polycrystalline silicon, amorphous silicon and silicon carbide.

[0009] Wang et al. (US 6183655) disclose using fluoropropylene and
hydrofluorocarbon for etching SiO2 with high selectivity (at least 20:1) to other non-
oxide layer (e.g., SiN layer). The fluoropropylene and hydrofluorocarbon include
1,1,1,2,3,3,3-CsH2F¢ and 1,1,2,2,3,3,3-C3HF7.

[0010] Merry et al. (US 6015761) disclose using hydrofluorocarbons to etch

dielectric layer comprising silicon dioxide, undoped silicate glass, phophosilicate
glass (PSG) borophosphosilicate glass (BPSG), silicon nitride, with microwave-
activated plasma source. C3HaFs is listed in the examples of the fluorocarbon' gas

but no any etching Examples using C3H2Fs has been disclosed.’
[0011]  Arleo et al. (US 5,176,790) disclose formlng one or more vias through an

" insulation layer by plasma etching to an underlyln_g metal layer. The etching gas

includes non-cyclic 3-6 carbon fluorinated hydrocarbons CsH2Fs and CsHF7, but no
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etching examples show etching with CsHz2Fs and C3HF7. The insulation materials
comprise a deposited silicon oxide, a silicon nitride compound or a silicon oxynitride
compound formed over the metal layer.

[0012] Chungetal. (US 9,460,935) disclose a method for fabricating a
semiconductor device. The method comprises forming a first etching layer and a
second etching layer stacked on a substrate, and forming a recess region by etching
the first and second etching layers under plasma generated from an etching gas
including a compound. The compound comprises at least one of 1,1,1,2,3,3-
hexafluoropropane, 2,2,2-trifluoroethane-1-thiol, 1,1,1,3,3-pentafluoropropane,
1,1,2,2,3-pentafluoropropane and 1,1,2,2-tetrafluoro-1-iodoethane, 2,3,3,3-
tetrafluoropropene and 1,1-difluoroethene.

[0013] Demmin et al. (US 6,120,697 and US 6,428,716) disclose a method of
etching with at least an etchant compound having the formula CxHyFz wherein: x=3, 4
or 5; 2x=z=2y; and y+z=2x+2; and significant selectivities of SiO2> over Si and

SiO2 over Siz N4 have been achieved by varying operating parameters such as
pressure, bias, and power. In addition, the etching process is performed under
conditions such that the etch ratios of SiO2 over Si and/or SiO2 over Sis N4 are no
less than about 2:1.

[0014] Kwon et al. disclose hydrofluorocarbon (CH2F2) was used for etching of
SiON (Kwon et al., "Infinite Etch Selectivity during Etching of SiON with an Extreme
Ultraviolet Resist Pattern in Dual-Frequency Capacitively Coupled Plasmas ",
Journal of the Electrochemical Soc. (2010) 157, D21-D28).

[0015]  Karecki et al. discloses using hydrofiuorocarbon for high aspect ratio SiO2
etching (Karecki et al., "Use of Novel Hydrofluorocarbon and lodofluorocarbon
Chemistries for a High Aspect Ratio Via Etch in a High Densily Plasma Etch Tool”,
Journal of the Electrochemical Soc. (1998) 145, 4305-4312).

[0016] Nappa et al. (US 5414165) disclose a process for the manufacture of
1,1,1,3,3,3-hexafluoropropane (i.e., CF3 CH2 CF3 or C3H2Fs or HFC-236fa) by the
reaction of 1,1,1,3,3,3-hexachloropropane (i.e., CCI3 CH2 CCI3 or C3H2Cls or HCC-
230fa) W|th hydrogen fluoride. R

[0017] Rao et al. (US 8053611) disclose a method of synthesizing C3HzFg utilizing

chlorofluorocarbons (CFC) and hydrochlorofluorocarbons (HCFC) obtained from
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starting materials of HF, Cl2, and at least one halopropene of the formula
CX3CCI=CCIX (where each X is independently F or Cl).

[0018] Nappa et al. (US 6281395) disclose a manufacturing process for C3HF7
containing less than 0.01ppm perfluoroisobutylene (PFIB).

[0019] Chiu et al. (US 7205444) disclose a purification process for 1,1,1,3,3,3-
hexafluoropropane using a UV photochlorinator to remove unsaturated
fluorocarbons.

[0020] There is still a lack of etching a plurality of alternating layers of SiO and
SiN layers in a 3D NAND application using a nontraditional hydrofluorocarbon
etching gas. Although there are numbers of prior arts for SiO2 etching with high
selectivity to SiN, for certain applications, such as etching of multi-layered 3D NAND
memory, it is important to have an etching gas which can etch both SiO2 and SiN
layers (or both SiO2 and p-Si layers) without selectivity. In another word, it is a
challenge to find an etch gas that has similar high etch rates of SiO2 and SiN in
terms of getting a smooth sidewall of high aspect ratio holes in 3D NAND memory.
[0021] Thus, a need remains for finding an etching gas that is able to etch
SiO/SiN layers, while maintaining similar high etch rate of SiO/SiN.

Summary
[0022] Disclosed are methods for fabricating a 3D NAND flash memory having
alternating layers of a first etching layer and a second etching layer on a substrate
and a hardmask layer on the alternating layers. The disclosed methods include the
steps of forming a hardmask pattern on the hardmask layer and using the hardmask
pattern to form apertures in the alternating layers by selectively plasma etching the
alternating layers versus the hardmask layer using a hydrofluorocarbon etching gas
selected from the group consisting of 1,1,1,3,3,3-hexafluoropropane (CsHzFs),
1,1,2,2,3,3-hexafluoropropane (iso-CsHzFs), 1,1,1,2,3,3,3-heptafluoropropane
(CsHF7), and 1,1,1,2,2,3,3-heptafluoropropane (iso-CsHF7), wherein the first etching
layer comprises a material different from that of the second etching layer. The
disclosed methods may include one or more of the following aspects:

« the hardmask layer being selected from the group consisting of CVD or spin
on deposited layer of amorphous carbon or doped carbon, silicon-containing
spin on mask, and carbon-containihg spin on mask;

» the hardmask layer being an amorphous carbon (a-C) layer;

4
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the hardmask layer being a doped carbon layer;

the hardmask layer being a silicon-containing spin on mask layer;

the hardmask layer being a carbon-containing spin on mask layer;
depositing alternating layers comprising depositing the first etching layer on
the substrate, depositing the second etching layer on the first etching layer,
depositing another first etching layer on the second etching layer, and
alternately and repeatedly depositing first and second etching layers to form a
stacking sfructure, wherein the stacking structure comprises a blurality pairs
of the first and second etching layers on the substrate;

the altemating layers comprising a layer of silicon oxide, silicon nitride, SIOCH, SiON,
SiaObCcNdHe (where a>0; b, ¢, d and e = 0) or combinations thereof;

the altemating layers comprising oxygen atoms, nitrogen atoms, carbon atoms,
hydrogen atoms or combinations thereof the altemating layers being a silicon
containing film;

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

the first etching layer comprising a silicon oxide layer;

the first etching layer comprising a silicon nitride layer;

the second etching layer comprising a silicon oxide layer;

the second etching layer comprising a silicon nitride layer;

the altemating layers being selectively etched from the hardmask layer;

the altemating layers being selectively etched from an a-C layer;

the altemating layers being selectively etched from a doped carbon layer;

the altemating layers being selectively etched from a silicon-containing spin on
hardmask layer;

the alternating layers being selectively etched from a carbon-containing spin on
hardmask layer;

the alternating layers of silicon oxide and silicon nitride being selectively

etched from the hardmask layer;

- the alternating layers of silicon oxide and silic_oh nitride being selectively

etched from an a-C layer; _ o
the alternating layers of silicon oxide and silicon nitride being selectively

etched from a doped carbon Iayer;
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the alternating layers of silicon oxide and silicon nitride being selectively
etched from a silicon-containing spin on hardmask layer;

the alternating layers of silicon oxide and silicon nitride being selectively
etched from a carbon-containing spin on hardmask layer;

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

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

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

the silibon oxide layer being selectively etched from a silicon-containing spin on
hardmask layer;

the silicon oxide layer being selectively etched from a carbon-containing spin on
hardmask layer;

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

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

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

the silicon nitride layer being selectively etched from a silicon-containing spin on
hardmask layer;

the silicon nitride ‘Iayer being selectively etched from a carbon-containing spin
on hardmask layer;

etching the alternating layers of the first and second etching layers by a single
process with plasma generated from the hydrofluorocarbon etching gas;

the hydrofluorocarbon etching gas etching both the first and. second etching
layers with high etch rates; _

the hydrofluorocarbon etching gas etching both the silicon oxide layer and the
silicon nitride layer with high etch rates;

the hydrofluorocarbon etching gas not selectively etching the silicon oxide
layer and the silicon nitride layer with high etch rates;

the selectivity of the hydrofluorocarbon etching gas etching both the first and
second etching layers ranging from apprbximately 1:2 to approximately 2:1;

the selectivity of the hydrofluorocarbon etching gas etching both the first and
second etching layers being approximately 1:1;

the selectivity of the hydrofluorocarbon etching gas etching both silicon oxide
layer and the silicon nitride !ayer ranging from approximately 1:2 to |

approximately 2:1;
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the selectivity of the hydrofluorocarbon etching gas etching both silicon oxide
layer and the silicon nitride layer being approximately 1:1;

the hydrofluorocarbon etching gas containing at least one hydrogen;

the hydrofluorocarbon etching gas being three carbon (C3) hydrofluorocarbon
(CsHmFn, where m >0, n >0) compounds containing at least one hydrogen;
the hydrofluorocarbon etching gas being a Cs organofluorine compounds
containing at least one hydrogen;

the hydrofluorocarbon etching gas being 1,1,1 ,3,3,3-heXaﬂuoropropane
(C3H2Fe);

the hydrofluorocarbon etching gas being 1,1,2,2,3,3-hexafluoropropane (iso-
CsH2Fe);

the hydrofluorocarbon etching gas being 1,1,1 ,2,3,3,'3-Heptafluoropropane
(CsHF7);

the hydrofluorocarbon etching gas being 1,1,1,2,2,3,3-heptafluoropropane (iso-
CsHF7);

the hydrofluorocarbon etching gas reacting with the silicon-containing film under
plasma to form volatile by-products;

removing the by-products;

heating the hydrofluorocarbon etching gas for plasma etching to avoid condensation;
heating the hydrofluorocarbon etching gas for plasma etching to maintain a desired
flow rate of the hydrofluorocarbon etching gas;

adding an oxygen containing gas to the hydrofluorocarbon etching gas;

the oxygen containing gas selected from the group consisting of Oz, Os,

CO, CO2, NO, NO2, N20O, SOz, COS, H20 and combination thereof;

the oxygen containing gas being Og;

mixing the hydrofluorocarbon etching gas and the oxygen containing gas prior to
forming the apertures to produce a mixture;

introducing the hydrofluorocarbon etching gas separately from the oxygen
containing gas; |

introducing the oxygen containing gas continuously and introducing the
hydrofluorocarbon etching gés in pulses; |

the oxygen containing gas comprising apprbximately 0.01% v/v to approximately

99.9% Vv of a total volume of the hydroﬂuorbcarbon etching gas and oxygen
containing gas;
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the oxygen containing gas comprising approximately 0.01% v/v to approximately
10% viv of a total volume of the hydrofluorocarbon etching gas and oxygen
containing gas;

adding an inert gas to the hydrofluorocarbon etching gas;

not adding an inert gas to the hydrofluorocarbon etching gas;

the inert gas being selected from the group consisting of He, Ar, Xe, Kr, Ne and
N2;

the inert gas being Ar;

the inert gas being Xe;

the inert gas being Kr;

mixing the hydrofluorocarbon etching gas and the inert gas prior to forming the
apertures to produce a mixture;

introducing the hydrofluorocarbon etching gas separately from the inert gas;
introducing the inert gas continuously and introducing the hydrofluorocarbon
etching gas in pulses;

the inert gas comprising approximately 0.01% v/v to approximately 99.9% viv of a total
volume of the vapor of the hydrofluorocarbon etching compound and inert gas;
the inert gas comprising approximately 90% v/v to approximately 99% v/v of a total
volume of the vapor of the hydrofluorocarbon etching compound and inert gas;
the substrate being a Si wafer;

the substrate being a crystalline silicon layer;

producing the apertures in the alternating layers having an aspect ratio between
approximately 1:1 and approximately 50:1;

producing the aperturés in the alternating layers having an aspect ratio between
approximately 1:1 and apprbximately 200:1;

producing the apertures in the alternating layers having a bowing less than 5%;
producing the apertures in the alternating layers having a bowing less than 2%;
producing the apertures having a diameter ranging from approximately 5 nm to
approximately 200 nm; _ | |
producing the apertures having a diameter of approximately 100 nm;

producing the apertures having a diameter of approximately 50 nm;

producing the apertu_rés; '

the aperture being 3D NAND apertures;

the aperture being confact holes;
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the aperture being 3D NAND contact holes;

the aperture being staircase contacts;

producing channel holes having an aspect ratio between approximately 1:1 and
approximately 200:1;

producing the channel holes in the alternating layers having a bowing less than
5%;

producing the channel holes in the alternating layers having a bowing less than
2%;

producing channel holes having a diameter ranging from approximately 5 nmto
approximately 200 nm;

producing channel holes having a diameter of approximately 100 nm;

producing channel holes having a diameter of approximately 40 nm;

producing contact holes having an aspect ratio between approximately 1:1 and
approximately 200:1;

producing contact holes having a diameter ranging from approximately 5 nm to
approximately 200 nm;

producing the contact holes in the alternating layers having a bowing less than
5%;

producing the contact holes in the alternating layers having a bowing less than
2%; .

producing contact holes having a diameter of approximately 100 nm;

producing contact holes having a diameter of approximately 40 nm;

improving selectivity by adding a second etch gas to the hydrofluorocarbon
etching gas;

the second etch gas being selected from the group consisting of cC4Fs, CaFg, CaFe,
CsFs, CF4, CH3F, CF3H, CHaF2, COS, CS3, CFisl, CaoFsl, CoFsl, FNO, SOz and
combinations thereof; v
mixing the hydrofluorocarbon etching gas and the second etch gas prior to forming the
apertures; :
introducing the hydrofluorocarbon etching gas separately from the second etch gas;
adding approximately 0.01% v/v to approximately 99.99% viv of the etch second gés
to the hydrofluorocarbon etching gas; '
activating the plasfna by applying RF power;
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o activating the plasma by a RF power ranging from approximately 25 W to
approximately 20,000 W;
e etching pressure ranging from approximately 1 mTormr to approximately 10
Torm;
e etching pressure being 30 mTorr;
¢ introducing the hydrofluorocarbon etching gas at a flow rate ranging from
approximately 0.1 sccm to approximately 1 slm;
e maintaining the substrate at a temperature ranging from approximately -196°C to
approximately 500°C;
o maintaining the substrate at a temperature ranging from approximately -120°C to
approximately 300°C;
e maintaining the substrate at a temperature ranging from approximately -100°C to
approximately 50°C;
e maintaining the substrate at a temperature ranging from approximately -10°C to
approximately 40°C; and
. measuring the hydrofluorocarbon etching gas under plasma by Quadrupole
mass spectrometer, optical emission spectrometer, FTIR, or other radical/ion
measurement tool.
[0023] Also disclosed are hydrofluorocarbon etching compounds comprising an
organofluorine compound selected from the group consisting of 1,1,1,3,3,3-
hexafluoropropane (CsHzFs), 1,1,2,2,3,3-hexafluoropropane (iso-CsHzFs),
1,1,1,2,3,3,3-Heptafluoropropane (CzHF7), and 1,1,1,2,2,3,3-heptafluoropropane (iso-
CsHF7). The disclosed organofiuorine etching compounds include one or more of the
following aspects:
o the organofluorine etching gas containing at least one hydrogen;
» the organofiuorine etching gas being CsHzFs;
 the organofluorine etching gas being iso-CsH2Fs;
e the organoﬂuorin‘e etching gas being C3HF7;
» the organofluorine etching gas being iso-C3HF7;
e having a purity ‘ranging from approximately 95% to approximately 99.999% by
volume; " B
e comprising betvveen approximately 10 parts per trillion to approximately 5 % by
volume trace gas impurities; =
o the trace gas impurities com‘p:rising water;

10
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the trace gas impurities comprising COy;

the trace gas impurities comprising N2;

the trace gas impurities comprising CFCs and HCFCs;

the organofluorine etching gas containing less than 100 ppm, preferably less
than 10 ppm and more preferably less than 1 ppm of the CFCs and HCFCs;
CsH2Fs containing less than 100 ppm, preferably less than 10 ppm and more
preferably less than 1 ppm of the CFCs and HCFCs;

iso-C3H2Fe containing less than 100 ppm, preferably less than 10 ppm and
more preferably less than 1 ppm of the CFCs and HCFCs;

C3HF7 containing less than 100 ppm, preferably less than 10 ppm and more
preferably less than 1 ppm of the CFCs and HCFCs;

Iso-C3HF7 containing less than 100 ppm, preferably less than 10 ppm and
more preferably less than 1 ppm of the CFCs and HCFCs;

The CFCs and HCFCs being 1,1,1,3,3,3-hexachloropropane, 1,1,3,3,3-
pentafluoro-2-(trifluoromethyl)prop-1-ene, 1,1,1,3,3-pentafluoro-2-
chloropropene, 1,1,1,3-tetrafluoro-3-chloropropene, 1,1-difluoro-2,2-
dichloroethene, trichlorofluoromethane, 1,1,1,3,3-pentafluoro-3-
chloropropane, 1,1,1,3,3-pentafluoropropane and 1,1,1,3,3,3-hexafluoro-2-
chloropropane;

CsHzFs containing less than less than 100 ppm, preferably less than 10 ppm
and more preferably less than 1 ppm of 1,1,1,3,3,3-hexachloropropane;
C3H2Fs containing less than less than 100 ppm, preferably 'Iess than 10 ppm
and more preferably less than 1 ppm of 1,1,1,3,3-pentafluoro-2-
chloropropene;

CsH2Fs containing less than less than 100 ppm, preferébly less than 10 ppm

and more preferably less than 1 ppm of 1,1,1,3-tetraflucro-3-chloropropene;
'C3H2Fe containing less than less than 100 ppm, preferably less than 10 ppm

- and more preferably less than 1 ppm of 1,1-difluoro-2,2-dichloroethene;

CaHzFe containing less than less than 100 ppm, preferably less 'tha,n 10 ppm

~and more preferably less than 1 ppm of trichlorofluoromethane; -+
CsH2Fs containing less than less than 100 ppm, preferably less than 10 ppm
: -and more preferably less than 1 ppm of 1,1,1,3,3-pentafluoro-3-

_chloropropane;

11



10

15

20

25

30

WO 2019/043448 PCT/IB2018/000954

C3H2Fe containing less than less than 100 ppm, preferably less than 10 ppm
and more preferably less than 1 ppm of 1,1,1,3,3-pentafluoropropane;
C3H2Fs containing less than less than 100 ppm, preferably less than 10 ppm
and more preferably less than 1 ppm of 1,1,1,3,3,3-hexafluoro-2-
chloropropane;

Iso-CsHzFs containing less than less than 100 ppm, preferably less than 10
ppm and more preferably less than 1 ppm of 1,1,1,3,3,3-hexachloropropane;
Iso-CsH2Fs containing less than less than 100 ppm, preferably less than 10 |
ppm and more preferably less than 1 ppm of 1,1,1,3,3-pentafluoro-2-
chloropropene;

Iso-CzH2Fe containing less than less than 100 ppm, preferably less than 10
ppm and more preferably less than 1 ppm of 1,1,1,3-tetrafluoro-3-
chloropropene;

Iso-C3H2Fe containing less than less than 100 ppm, preferably less than 10
ppm and more preferably less than 1 ppm of 1,1-difluoro-2,2-dichloroethene;
Iso-CsH2Fs containing less than less than 100 ppm, preferably less than 10
ppm and more preferably less than 1 ppm of trichlorofluoromethane;
Iso-CsH2Fe containing less than less than 100 ppm, preferably less than 10
ppm and more preferably less than 1 ppm of 1,1,1,3,3-pentafluoro-3-
chloropropane;

Iso-C3HzFe containing less than less than 100 ppm, preferably less than 10
ppm and more preferably less than 1 ppm of 1,1,1,3,3-pentafluoropropane;
Iso-CsH2Fs containing less than less than 100 ppm, preferably less than 10
ppm and more preferably less than 1 ppm of 1,1,1,3,3,3-hexafluoro-2-
chloropropane,;

C3HF7 containing less than less than 100 ppm, preferably less than 10 ppm
and more preferably less than 1 ppm of 1,1,3,3,3-pentaﬂuoro-2-
(trifluoromethyl)prop-1-ene; B

Iso-C3HF7 containing less than less than 100 ppm, preferably less than 10
ppm and more preferably less than 1 ppm of 1,1,3,3,3-pentafluoro-2-
(triﬂuorOméthyI)prop-1-ene; '

the tracé gas impuritieé comprising hydrofluordcarbon_s other than the

disclosed organofluorine etching compounds;
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the hydrofluorocarbons other than the disclosed organofluorine etching
compounds having a formula CxHyF: where x=0-3, y = 0-8, z = 0-8,
provided that when x=3 and y=2, z#6 and when x=3 and y=1, z#7;

C3H2Fs containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v
of the hydrofluorocarbons other than the disclosed organofluorine etching
compounds; _

CsHzFs containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v
of iso-C3H2Fe;

C3H2Fs containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v

- of CsH F7;

CsHzFs containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v
of iso-C3HF7; :

Iso-CsH2Fs containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v
of the hydrofluorocarbons other than the disclosed organofluorine etching
compounds;

Iso-C3H2Fe containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v
of CaH2Fs; ,

Iso-CsH2Fg containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v
of CsHF7;

Iso-C3HzFs containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more p:referably less than 0.01% v/v
of iso-C3HF7; '

C3HF?7 containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v
of the hydrofluorocarbons other than the disclosed organofluorine etching

compounds;

13



10

15

20

25

30

WO 2019/043448 PCT/IB2018/000954

e C3HF7 containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v
of CaHaFs;

e CsHF7 containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v
of iso-C3H2Fe;

¢ CsHF7 containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v
of iso-C3HF7;

e Is0-CsHF7 containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v
of the hydrofluorocarbons other than the disclosed organofiuorine etching
compounds;

e Is0-C3HF7 containing less than 10% vlv, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v

- of CsHzFe;

¢ Iso-CsHF7 containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v
of iso-C3HzFe;

e Iso-C3HF7 containing less than 10% v/v, preferably less than 1% v/v, more
preferably less than 0.1% v/v, and even more preferably less than 0.01% v/v
of C3HF7; and

 the organofluorine etching gas having a water content of less than 20 ppmw.

Notation and Nomenclature
[0024] Certain abbreviations, symbols, and terms are used throughout the
following description and claims, and include:
[0025] As used herein, the indefinite article “a” or “an” means one or more.
[0026] As used herein, “about” or “around” or “approximately” in the text or in a
claim means +10% of the value stated.
[0027] As used herein, the term "etch" or "etc_hing" refers to-a plasma etch
process (i.e., a dry etch 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 to the substrate (Manos and
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Flamm, Plasma Etching an Introduction, Academic Press, Inc. 1989 pp.12-13). The
etching process produces apertures, such as vias, trenches, channel holes, gate
trenches, staircase contacts, capacitor holes, contact holes, efc., in the substrate.
[0028] The term "pattern etch” or "patterned etch" refers to etching a non-planar
structure, such as a patterned hardmask layer on a stack of silicon-containing films.
[0029] The term “pattern wafer” or “wafer” refers to a wafer having a stack of
silicon-containing films on a substrate and a patterned hardmask layer on a stack of
silicon-containing films formed for pattern etch. .
[0030] The term "mask" refers to a layer that resists etching. The hardmask layer
may be located above the layer to be etched.

[0031] The term “etch stop” refers to a layer that resists etching located below the
layer to be etched that protects layers underneath.

[0032] The term “aspect ratio” refers to a ratio of the height of a trench (or via) to
the widfh of the trench (or the diameter of the via).

[0033] The term “bowing” refers to an aperture having a larger diameter than the
patterned diameter, thereby forming a convex or outwardly rounded structure.

[0034] The term "selectivity" means the ratio of the etch rate of one material to the
etch rate of another material. The term "selective etch" or "selectively etch" means to
etch one material more than another material, or in other words to have a greater or
less than 1:1 etch selectivity between two materials.

[0035] The term “contact holes” refers to holes made in the dielectric film that will
be filled with conductive metal in order to connect electrodes such as gates, sources,
and drains of transistors to metal wiring layers. A

[0036] The term “staircase contacts” refers to the contact holes formed in a
staircase-shaped stack of electrode layers.

[0037] The term “independently” when used in the context of describing R groups |
should be understood to denote that the subject R group is not only independently
selected relative to other R groups bearing the same or different subscripts or
superscripts, but is also independently selected relative to any additional species of
that same R group. For example, in the formula MR',(NR?R3)4.x), where M is an
atom; x is 2 or 3, the two or three R' groups may, but negdvnot be identical to each
other or to R?or to R3. Further, it should be understood that unless specifically
stated otherwise, values of R groups are ind_ependent of each other when used in -

different formulas. -
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[0038] Note that herein, the terms “film” and “layer” may be used ihterchangeably.
Furthermore, one of ordinary skill in the art will recognize that the terms “film” or
“layer” used herein refer to a thickness of some material laid on or spread over a
surface and that the surface may range from as large as the entire wafer to as small
as a trench or a line.

[0039] Note that herein, the terms “aperture”, “via”, “hole” and “trench” may be
used interchangeably to refer to an opening formed in a semiconductor structure.
[0040] Note that herein, the terms “etching compound” and “etching gas” may be
used interchangeably. It is understood that an etching compound may correspond to,
or related to an etching gas, and that the etching gas may refer to the etching
compound. v

[0041] As used herein, the abbreviation "NAND" refers to a "Negative AND" or
"Not AND" gate; the abbreviation "2D" refers to 2 dimensional gate structures on a
planar substrate; the abbreviation "3D" refers to 3 dimensional or vertical gate
structures, wherein the gate structures are stacked in the vertical direction.

[0042] The standard abbreviations of the elements from the periodic table of
elements are used herein. It should be understood that elements may be referred to
by these abbreviations (e.g., Si refers to silicon, N refers to nitrogen, O refers to
oxygen, C refers to carbon, H refers to hydrogen, F refers to fluorine, etc.).

[0043] The unique CAS registry numbers (i.e., “CAS”) assigned by the Chemical
Abstract Service are provided to identify the specific molecules disclosed.

[0044] Please note that the silicon-containing films, such as SiN and SiO, are
listed throughout the specification and claims without reference to their proper
stoichoimetry. The silicon-containing films may include pure silicon (Si) layers, such as
crystalline Si, polysilicon (p-Si or polycrystalline Si), or amorphous silicon; silicon nitride (SikNi)
layers; or silicon oxide (SinOm) layers; or mixtures thereof, wherein k, |, m, and n, inclusively
range from 0.1 to 6. Preferably, silicon nitride is SikNi, where k and | each range from 0.5 to

- 1.5. More preferably silicon nitride is SisN4. Herein, SiN in the following description may

~ be used to represent SikN, containing layers. Preferably silicon oxide is SinOm, where

n ranges from 0.5 to 1.5 and m ranges frorh 1.5 to 3.5. More preferably, silicon oxide is
SiOz2. Herein, SiO in the following description may be used to represent SinOm |
containing layérs. 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
suc_:h as the Black Diamond Il or lll material by Applied Materials, Inc. with a formdla of

16



10

15

20

25

30

WO 2019/043448 PCT/IB2018/000954

SiOCH. Silicon-containing film may also include SizOuN: where a, b, ¢ range from 0.1t06.
The silicon-containing films may also include dopants, such as B, C, P, As and/or Ge.
[0045] As used herein, the term “or” is intended to mean an inclusive “or” rather
than an exclusive “or”. That is, unless specified otherwise, or clear from context, “X
employs A or B” is intended to mean any of the natural inclusive permutations. That
is, if X employs A; X employs B; or X employs both A and B, then “X employs A or B”
is satisfied under any of the foregoing instances.

[0046] "Comprising" in a claim is an open transitional term WhICh means the
subsequently identified claim elements are a nonexclusive listing i.e. anything else
may be additionally included and remain within the scope of “comprising.”
“Comprising” is defined herein as necessarily encompassing the more limited
transitional terms "consisting essentially of" and “consisting of”; “comprising” may
therefore be replaced by "consisting essentially of" or “consisting of’ and remain
within the expressly defined scope of “comprising”.

[0047] “Providing” in a claim is defined to mean furnishing, supplying, making
available, or preparing something. The step may be performed by any actor in the
absence of express language in the claim to the contrary.

[0048] Any and all ranges recited herein are inclusive of their endpoints (i.e., x=1
to 4 or x ranges from 1 to 4 includes x=1, x=4, and x=any number in between),

irrespective of whether the term “inclusively” is used.

Brief Description of the Drawings
[0049] For a further understanding of the nature and objects of the present
invention, reference should be made to the following detailed description, taken in
conjunction with the accompanying drawings, in which like elements are given the
same or analogous reference numbers and wherein:
FIG. 1a is a cross-sectional side view of exemplary layers in a 3D NAND stack;
FIG. 1b is a cross-sectional side view of an exemplary aperture formed by plasma
etching in the 3D NAND stack of FIG. 1a
FIG. 1c is a cross-sectional side view of an exemplary aperture formed by plasma
etching in the 3D NAND stack of FIG 1a havrng a polymer layer.deposited on the

- sidewall of the exemplary aperture

FIG. 1d is a cross-sectional side view of an exemplary aperture formed by plasma
etching in the 3D NAND stack of FIG. 1a having sidewall bowing;
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Fig. 2 is an exemplary cross-sectional side view of exemplary reactor system applied
in deposition and etching tests;

FIG. 3 is a graph demonstrating etch rates of SiO., SiN, a-C, Poly-Si versus oxygen
flow rate using CsHz2Fs as etching gas;

FIG. 4 is a graph demonstrating selectivity of SiO2 to SiN, a-C or Poly-Si versus
oxygen flow rate using C3H2Fs as etching gas;

FIG. 5 is a graph demonstrating etch rates of SiO2, SiN, a-C, Poly-Si versus oxygen
flow rate }using iso-C3H2Fs as etching gas; |

FIG. 6 is a graph demonstrating selectivity of SiO to SiN, a-C or Poly-Si versus
oxygen flow rate using iso-C3H2Fe as etching gas;

FIG. 7 is a graph demonstrating the etch rate of SiO2, SiN, a-C, Poly-Si versus
oxygen flow rate using C3HF7 as etching gas;

FIG. 8 is a graph demonstrating selectivity of SiO- to SiN, a-C or Poly-Si versus
oxygen flow rate using CsHF7 as etching gas;

FIG. 9 is a graph demonstrating the etch rate of SiO2, SiN, a-C, Poly-Si versus
oxygen flow rate using iso-C3HF7 as etching gas;

FIG. 10 is a graph demonstrating selectivity of SiO; to SiN, a-C or Poly-Si versus
oxygen flow rate using iso-C3HF7 as etching gas;

FIG. 11 is a SEM image of a patterned wafer for plasma etching;

FIG. 12a is a SEM image with the depths of the etching structures marked thereon
after plasma etching the patterned wafer of FIG. 11 with C3zH2Fs (CF3-CH2-CF3) and
O2; and

FIG. 12b is a SEM image with the widths of the etching structures marked thereon
after plasma etching the patterned wafer of FIG. 11 with C3H2Fs (CF3-CH2-CF3) and
Oa.

Description of Preferred Embodiments
[0050] Disclosed are methods f_or fabricating a 3D NAND flash memory, more
specifically, plasma etching silicoh'-ﬂcontaining films to produce semiconductor
structures. The structures include, but are not limited to, SiO/SiN (ONON) channel
hole, ONON trench, staircase contact holes, etc. The structures may have a top
critical dimension (CD) of 5-200 nm. The disclosed methods produce the structures
having high aspect ratio, less fo ho bowing and a decent amount of polymer

deposition on the structures.
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[0051] Here, the 3D NAND flash memory may have alternating layers of a first
etching layer and a second etching layer on a substrate and a hardmask layer on the
alternating layers. The disclosed methods may be suitable for producing any 3D
NAND technology related semiconductor structures.

[0052] The disclosed methods include the steps of i) forming a hardmask pattern
on the hardmask layer and ii) using the hardmask pattern to form apertures in the
alternating layers by selectively plasma etching the alternating layers versus the
hardmask layer using a hydrofluorocarbon etching gas. The hydrofluorocarbon
etching gas is selected from the group consisting of 1,1,1,3,3,3-hexafluoropropane
(CsHzFs), 1,1,2,2,3,3-hexafluoropropane (iso-CsHzFe), 1,1,1,2,3,3,3-
heptafluoropropane (CsHF?7), and 1,1,1,2,2,3,3-heptafluoropropane (iso-C3HF7). In the
disclosed methods, the first etching layer comprises a material different from that of
the second etching layer.

[0053] The disclosed methods may also include the steps of depositing the
alternating layers of the first etching layer and the second etching layer on the
substrate, and depositing the hardmask layer on the alternating layers.

[0054] The alternating layers of the first etching layer and the second etching
layer are deposited on the substrate using deposition precursors suitable for
chemical vapor deposition (CVD) or atomic layer deposition (ALD). The alternating
layers are formed by depositing the first etching layer on the substrate, depositing
the second etching layer on the first etching layer, depositing another first etching
layer on the second etching layer, and alternately and repeatedly depositing first and
second etching layers to form a stacking structure, wherein the stacking structure
comprises a plurality of pairs of the first and second etching layers on the substrate.
[0055] More specifically, methods for depositing the alternating layers on the
substrate include the following steps: i) the step of depositing the first etching layer
on the substrate including: introducing a vapor of a first silicon containing precursor
(for example, an organosilane containing oxygen) into a reactor having at least one
substrate dispbsed therein, and at least part of the first silicon containing precursor is
deposited onto the at least one substrate to form the first etching layer using a vapor
deposition method, for example, plasma enhanced CVD or plasma enhanced ALD;
ii) the step of depositing the second etching layer on the first etching layer including:
introducing a vapor of a second silicon contaihing precursor (for example, an
organosilane containing nitrogen) into the reactor, and at least part of the second
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silicon containing precursor is deposited onto the first etching layer to form the
second etching layer using the vapor deposition method; iii) alternately and
repeatedly depositing first and second etching layers to form a stacking structure,
wherein the stacking structure comprises a plurality of pairs of the first and second
etching layers on the substrate. (See US 9,371,338 to Dussarrat, et al.). The plurality
of pairs of the first and second etching layers may be 48 pairs, 96 pairs, 128 pairs,
264 pairs, or even more.

[0056] The alternating layers include at least one pair of the first and second
etching layers. The alternating layers may include 96 pairs of the first etching layer
and the second etching layer. Alternatively, the alternating layers may include 128
pairs of the first etching layer and the second etching layer. In another alternative,
the alternating layers may include 264 pairs of the first etching layer and the second
etching layer. In yet another alternative, the alternating layers may include more than
264 pairs of the first etching layer and the second etching layer.

[0057] The alternating layers may be a silicon containing film that includes a layer
of silicon oxide, silicon nitride, SIOCN, SiON, SiaOpH:CyNe, where a>0; b, ¢, dand e
2 0, or combinations thereof. The silicon containing film may further include oxygen
atoms, nitrogen atoms, carbon atoms, or combinations thereof.

[0058] The silicon containing film may be a SiO first etching layer and a SiN

- second etching layer, or vice versa. The silicon containing film contains at least one

pair of the SiO and SiN layer. The silicon containing film may contain 96 pairs of the
SiO and SiN layer. Alternatively, the silicon containing film may contain 128 pairs of
the SiO and SiN layer. In another alternative, the silicon containing film may contain
264 pairs of the SiO and SiN layer. In yet another alternative, the silicon containing
film may contain more than 264 pairs of the SiO and SiN layer.

[0059] The hardmask layer may be, but is not limited to, a CVD or spin on
deposited layer of amorphous carbon (a-C) or doped carbon, silicon-containing spin
on hardmask (SOH), carbon-containing spin on hardmask, photoresist, or
combination thereof. The doped carbon may be Boron (B), Tungston (W), Titanium
(Ti), Zirconium (Zr), Aluminum (Al) or combination doped carbon.

[0060] The hardmask layer is formed on the alternating layers by a CVD or spin
on deposition method. The hardmask layer may be a spin on deposited layer of a-C.
An anti-reflective layer formed by organic compounds, for example, polyamid‘e.sf and
polysulfones, is deposi_fed on the a-C layer and a photoresist layer is deposited on
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the anti-reflective layer. A photoresist layer pattern is formed by performing exposure
(e.g., photolithographic process) and developing processes on the photoresist layer.
An a-C layer pattern is formed by etching the anti-reflective layer and the a-

C layer using the photoresist layer pattérn as an etch mask. The a-C layer pattern
forms a hardmask layer pattern. The alternating layers are then etched from the
hardmask layer (i.e., the a-C layer) using the hardmask layer pattern as an etch
mask to form a pattern containing apertures in the alternating layers (See
US20130109198 to Dussarrat et al.). The apertures include contact holes or channel
holes penetrating the alternating layers of the first etching layer and the second
etching layer to expose the substrate.

[0061] The disclosed methods provide methods of etching the alternating layers
of the first and second etching layers by a single process with plasma generated
from the disclosed hydrofluorocarbon etching gases. The disclosed ‘
hydrofluorocarbon etching gases etch both the first and second etching layers with
high etch rates, for example from 100nm/min to 600nm/min or even more. If the first
etching layer is a silicon oxide layer and the second etching layer is a silicon nitride
layer, or vice versa, the disclosed hydroﬂubrocarbon etching gases etch through the
silicon oxide layer and the silicon nitride layer with high etch rates, e.g., from
100nm/min to 600nm/min or even more, and approximately 1:1 selectivity.

[0062] The disclosed hydrofluorocarbon etching gases are three carbon (Cs)
hydrofluorocarbon (CsHnFn, where m >0, n >0) compounds containing at least one
hydrogen. The disclosed hydrofluorocarbon etching gases have boiling points
ranging from -20°C to room temperature (i.e. 25°C) and suitable for using as
etchants. These etching gases are not flammable, not toxic and commercially
available. Their structure formula, CAS numbers, and boiling points are included in
Table 1. One of ordinary skill in the art will recognize that the synthesis methods for these

gases may be obtained using the CAS numbers provided.

Table 1
‘ Boiling point
Compounds Formula Structure CAS # C)
1,1,1,3,33- | FF o —
N CsHoFs | F F| 690-39-1 -1.4t0-0.7
hexaﬂuo’ropropane | enee F>l\)<F .
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F F
1,1,2,2,3,3- _
iso-CaH2Fe | ¢ g | 27070-61-7 5
hexafluoropropane AN
F
1,1,1,2,3,3,3- E F
CsHF7 431-89-0 -16
Heptafluoropropane F ! ! F
F F
1,1,1,2,2,3,3- F
iso-CsHF7 | £ | 2252-84-8 -16
Heptafluoropropane AN

[0063] The disclosed hydrofluorocarbon etching gases provide high to infinite
selectivity to photoresist layers, mask layers, etch stop layers and device channel
materials. The disclosed hydrofluorocarbon etching gases provide no selectivity to
silicon-containing layers, such as SiO and SiN. The disclosed hydrofluorocarbon
etching gases provide no profile distortion in high aspect ratio structures. For
example, those have an aspect ratio ranging from 1:1 to 200:1 such as in 3D NAND
applications. The disclosed hydrofluorocarbon etching gases provide similar etch
rate of SiO2 and SiN in terms of getting a smooth sidewall of high aspect ratio
apertures or holes in 3D NAND applications. The resulting apertures may have an
aspect ratio ranging from 1:1 to 50:1 in channel hole and contact hole etch
applications, preferably an aspect ratio ranging from approximately 1:1 to approximately
200:1. |

[0064] The disclosed hydrcfluorocarbon etching gases also deposit a polymer
passivation layer on the sidewalls of the apertures simultaneously while 'etching. By
adding O to the etch process, the thickness of the polymer passivation layer may be
controlled to avoid sidewall profile deformation. The polymer passivation layer also
provides smoother sidewalls, little to no bowing and little to no deformation at the
bottom of the aperture in the 3D NAND stacks. If necessary, the polymer
passnvatlon layer may be easily removed or cleaned or polished by dry or wet etch
chemlstrles well known in the art. B

[0065_]2 The disclosed hydrofluorocarbon etching gases provide approximately 1:1
selec,t:i‘vity between the alternating layers (e.g., silicon-containing films) in resulting
patterhed high aspect“jratio structures. The disclosed hydrofluorocarbon et¢hing gases

provide infinite selectivity of mask materials to the alternating layers in the resulting
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pattemed high aspect ratio structures. The disclosed hydrofluorocarbon etching gases
also provide little to no damage to channel region in the resulting pattered high aspect
ratio structures. Furthermore, the disclosed hydrofluorocarbon etching gases reduce
bowing or provide little to no bowing in the resulting pattemed high aspect ratio structures.
In addition, the disclosed hydrofluorocarbon etching gases exhibit polymer deposition
on the sidewall of the resulting high aspect ratio structures during the etching process.
As a result, the disclosed processes produce little to no damage to channel region in
the resulting high aspect ratio structures. The disclosed hydrofluorocarbon etching
gases also etch through alternating layers of SiO/SiN in one process, resulting in a vertical
etch profile. The selectivity of etching through the altenating layers of SiO/SiN ranges
from approximately 1:2 to approximately 2:1, preferably around 1:1.

[0066] The disclosed hydrofluorocarbon etching gases may comprise greater than 95%
v/v of the organofluorine compound, preferably greater than 99.99% v/v purity, and more
preferably greater than 99.999% v/v purity. The disclosed hydrofluorocarbon etching gases
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>O and/or CO.. Preferably, the water content in the
plasma etching gas is less than 20 ppmw by weight. The purified product may be produced
by distillation and/or passing the gas or liquid through a suitable adsorbent, such as a 4A -
molecular sieve. The purified product may also be produced by reacting the impurities
components with a selective reactant including catalysts. Known standard purification
techniques may also be used for removal of CO, CO,, N2, H>0, HF, H>S, SO,, halides, and
other hydrocarbons or hydrohalocarbons including CFC and HCFC compounds.

[0067] In semiconductor applications, it is believed that chlorine containing components
existing in etching compositions may have detrimental effect on etching processes including
chlorine contamination. The chlorine contamination may be corrosive to etching gas
pipelines, etching chambers, substrates to be etched, etc. or lower the semiconductor device
performance. Furthermore, it is well asserted the CFC and HCFC impurities are an
environmental concern. The CFC and HCFC compounds are primarily ozone depleting
substances as they have high ozone depletion potentials (ODPs) as well as may have high
global warming potentials. | '

[0068] The CFC and HCFC compounds existing in the disclosed
hydrofluorocarbon etching gases may result from pro'ceSses of manufacturing the
disclosed hydrofluorocarbon etching gases. For examp_le, 1,1,1,3,3,3-
hexaﬂuoropropéne (CF3 CH2 CF3 or C3HzFe¢ or HFC-236fa) may b‘e'produced by the

reaction of 1,1,1,3,3,3-hexachloropropane (CCI3 CH2 CCI3 or CsH;Cls or HCC-
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230fa) with hydrogen fluoride. See Nappa et al. (US 5414165). In another example,
a process is disclosed for the manufacture of 1,1,1,2,3,3,3-heptafluoropropane (i.e.,
CF3CHFCF3or CsHF7) containing less than 0.01 ppm 1,1,3,3,3-pentafluoro-2-
(trifluoromethyl)prop-1-ene (i.e., (CF3)2C=CF2 or C4Fs). (see Nappa et al. (US
6281395). Furthermore, a crude 1,1,1,3,3,3-hexafluoropropane (C3H2Fg) from initial
liquid phase synthesis typically contains from about 20 to 40 weight percent
fluorocarbon impurities including the CFC and HCFC compounds, e.g., 1,1,1,3,3-
pentafluoro-2-chloropropene (HCFC1215xc); 1,1,1 ,3-tetraﬂuoro-3-ch|oropropené
(HCFC1224zc); 1,1-difluoro-2,2-dichloroethene (HCFC1112a);
trichlorofluoromethane (CFC11) and 1,1,1,3,3-pentafluoro-3-chloropropane
(HCFC235fa). Most impurities of CFCs and HCFCs in the crude 1,1,1,3,3,3-
hexafluoropropane (CsH2Fg) obtained by liquid phase reaction may be removed by
distillation. An azeotropic mixture of 1,1,1,3,3-pentafluoropropane and 1,1,1,3,3,3-
hexafluoro-2-chloropropene with less than about 0.5 percent by weight of other
fluorocarbons may result from the distillation of the crude 1,1,1,3,3,3-
hexafluoropropane (CsH2Fe), in which 1,1,1,3,3-pentafluoropropane and 1,1,1,3,3,3-
hexafluoro-2-chloropropane may be removed by photochlorination (e.g., UV lamp)
resulting in purifying 1,1,1,3,3,3-hexafluoropropane to a level of <1000 ppm,
preferably <500 ppm, and more preferably <100 ppm. (see Chiu et al. (US 7205444).
[0069] The disclosed hydrofluorocarbon etching gases contain less than 100
ppm, preferably less than 10 ppm and more preferably less than 1 ppm of the CFC
and HCFC impurities. Examples of the CFC and HCFC trace gas impurities existing
in the disclosed hydrofluorocarbon etching gases include, but are not limited to,
1,1,1,3,3,3-hexachloropropane (CCls—C—CCls or C3H2Clg), 1,1,3,3,3-pentafluoro-2-
(trifluoromethyl)prop-1-ene ((CF3).C=CF2 or C4Fs), 1,1,1,3,3-pentafluoro-2-
chloropropene (CF3—CCl=CF2 or C3CIFs), 1,1,1,3-tetrafluoro-3-chloropropene
(CF3—CH=CFCI, or C3HCIF4), 1,1-difluoro-2,2-dichloroethene (CF2-CCl2, or C.Cl2F2),

~ trichlorofluoromethane (CFCIs or CFC11), 1,1,1 ,3,3-pentaﬂuoi‘o-3-ch|oropropane
(CF3-C-CF3 or C3H2CIFs); 1,1,1,3,3-pentafluoropropane (CF3-C-CF2 or C3HsFs) and

1,1,1,3,3,3-hexafluoro-2-chloropropane (CF3-CCI-CF3 or C3HCIFs).
[0070] The disclosed hydroﬂuorocarbon etching gases may contain less than
10% vlv, preferably less than 1% v/v, more preferably less than 0.1% v/v, and even

more preferably less than 0.01% v/v of impurities of hydrofluorocarbons that exclude
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the disclosed hydrofluorocarbon etching gases. For example, the hydrofluorocarbon
impurities may have a formula CxHyF. where x=0-3, y = 0-8, z = 0-8, provided that
when x=3 and y=2, z#6 (i.e., excluding1,1,1,3,3,3-hexafluoropropane (CsHzF¢) and
1,1,2,2,3,3-hexafluoropropane (iso-CzH2Fg)), and when x=3 and y=1, z=7 (i.e.,
excluding 1,1,1,2,3,3,3-heptafluoropropane (CsHF7) and 1,1,1,2,2,3,3-
heptafluoropropane (iso-CzHF7)). That is, the hydrofluorocarbon formula CxHyF-
where x=0-3, y = 0-8, z = 0-8 excludes the disclosed hydrofluorocarbon etching
gases, i.e., 1,1,1,3,3,3-hexafluoropropane (CsHzFs), 1,1,2,2,3,3-hexafluoropropane
(iso-CsH2Fs), (1,1,1,2,3,3,3-heptafluoropropane (CsHF7), and 1,1,1,2,2,3,3-
heptafluoropropane (iso-CaHF7).

[0071] Furthermore, one of the disclosed hydrofluorocarbon etching gases when
used as an etching gas alone in the disclosed etching methods may contain less
than 10% v/v, preferably less than 1% v/v, more preferably less than 0.1% v/v, and
even more preferably less than 0.01% v/v of impurities of hydrofluorocarbons that
include at least one of the rest of the disclosed hydrofluorocarbon etching gases. For
example, 1,1,1,3,3,3-hexafluoropropane (CsH2Fs), when it is used as an etching gas
alone in the disclosed etching methods, may contain the impurity of 1,1,1,2,3,3,3-
heptafluoropropane (CsHF7) and/or 1,1,1,2,2,3,3-heptafluoropropane (iso-C3HF7),
although 1,1,1,2,3,3,3-heptafluoropropane (CsHF7) and 1,1,1,2,2,3,3-
heptafluoropropane (iso-C3HF7) are the disclosed hydrofluorocarbon etching gases.
Similarly, when 1,1,1,2,3,3,3-heptafluoropropane (CsHF7) is used as an etching gas
alone in the disclosed etching methods, it may contain the impurity of 1,1,1,3,3,3-
hexafluoropropane (CsH2F¢) and/or 1,1,2,2,3,3-hexafluoropropane (iso-CsH2Fe),
although 1,1,1,3,3,3-hexafluoropropane (CsHzFs) and 1,1,2,2,3,3-hexafluoropropane
(iso-C3H2F¢) are the disclosed hydrofluorocarbon etching gases.

[0072] The disclosed hydroﬂuorobarbon etching gases contain less than 10% v/v,
preferably less than 1% v/v, more preferably less than 0.1% v/v, and even more
preferably less than 0.01% v/v of any of the isomers of the organofiuorine
compound, which may be purified by distillation of the gas or liquid to remove
isomers and may provide better process repeatability. The purified product may also
be produced by reaéting the isomers utilizing known fluorination processes.

[0073] Alternatively, the disclosed hyd,roﬂubrécarbon etching gases may contain

between 5% v/v and 50% v/v of isomers of the organofluorine compound, particularly
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when the isomer mixture provides improved process parameters or if isolation of the
target isomer is too difficult or expensive. For example, the disclosed
hydrofluorocarbon etching gases may comprise between approximately 50% v/v and
approximately 75% v/v 1,1,1,3,3,3-hexafluoropropane and between approximafely
25% v/v and approximately 50% v/v 1,1 ,2,2,3,3-héxaﬂuoropropane. The mixture of
isomers may reduce the need for two or more gas lines to the reaction chamber.
[0074] The disclosed hydrofluorocarbon etching compounds are gaseous at room
temperature and atmospheric pressure, and suitable for plasma etching |
semiconductor structures, such as, channel holes, staircase contacts, capacitor
holes, contact holes, efc., in semiconductor devices, such as silicon-containing films.
The disclosed hydrofluorocarbon etching gases are not only compatible with
currently available mask materials but also compatible with the future generations of
mask materials because the disclosed hydroflucrocarbon etching gases induce little
to no damage on the mask. The disclosed hydrofluorocarbon etching compounds
permit formation of good profiles in along with good profile of high aspect ratio
structures. In other words, the disclosed hydrofluorocarbon etching gases may
produce vertical etched patterns having minimal to no bowing, pattern collapse, or
roughness. In order to achieve these properties, the disclosed hydrofluorocarbon
etching gases may deposit an etch-resistant polymer layer during etching to help
reduce the direct impact of the oxygen and fluorine radicals during the etching
process. The disclosed hydrofluorocarbon etching gases may also reduce damage
to crystalline Si channel structure during etching. As shown in the examples that
fbllo_w, the disclosed hydrofiuorocarbon etching gases are suitably volatile and stable
during the etching process for delivery into the reactor/chamber.

[0075] If necessary, the container containing the disclosed etching compounds
may be heated to a temperature that permits the disclosed etching compounds to
have a sufficient vapor pressure for delivery into an etching tool or a reaction
chamber. The container may be maintained at temperatures in the range of, for
example, approximately 0°C to approximately 150°C, preferably from approximately
25°C to approxirriately 100°C, more preferably from approximately 25°C to
apprinmater 50°C. More preferably, the con:tainer is maintained at room
tempe'rature (approximately 25°C). If necessary, the container containing the
disclosed etching compounds and the gas lines delivering the disclosed etching

compounds to an etching chamber or reaction chamber may be heated to avoid
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condensation due to cold points. Those skilled in the art would recognize that the
temperature of the container and the gas lines may be adjusted in a known manner
to control the amount of the disclosed etching gas delivered, such that the disclosed
hydrofiuorocarbon etching compounds maintain a predetermined flow rate to the
reaction chamber without condensation. For example, the predetermined flow rate
for the etching compounds shown in the following Examples 1-4 is 7.5 sccm. The
disclosed hydrofluorocarbon etching gas may be introduced to the chamber at a flow
rate ranging frorh approximately 0.1 sccm to approximately 1 sim. One of ordinary
skill in the art will recognize that the flow rate may vary from tool to tool.

[0076] Material compatibility tests are important to determine if any of the
disclosed hydrofluorocarbon etching gases will react with chamber materials and
degrade the performanée of the chamber with short term or long term use. Key
materials involved in parts of the chamber, valves, efc. include stainless steel,
aluminum, nickel, polychlorotrifluoroethene (PCTFE), polyvinylidene fluoride (PVDF),
polytetrafluoroethylene (PTFE) and other metals and polymers. At times these
materials are exposed to high temperatures, for example, higher than 20°C, and high
pressures, for example, higher than 1 atm, which may enhance their degradation.
The metrology methods may include visual inspection, weight measurement,
measuring nanometer scale changes in scanning electron microscopy (SEM), tensile
strength, hardness, efc.

[0077] The disclosed hydrofluorocarbon etching gases are used to plasma etch a
multi-stacking layers (e.g., ONON) on a substrate. The disclosed plasma etching
method is useful in the manufacture of semiconductor devices such as NAND or 3D
NAND gates or flash memories. Due to the minimal sidewall damage incurred during
the low k etch process, the disclosed hydrofluorocarbon etching gases are used for
etching Si in 3D through silicon via (TSV) etch applications for interconnecting
memory to logic on a substrate. Additionally, the disclosed hydrofluorocarbon etching
gase‘s may also be used for staircase etch such as ONON etch in 3D NAND.

[0078] The plasma etching méthod includes providving a reaction chamber having
a substrate disposed therein. The reaction chamber may be any enclosure or |

- chamber within a device in which etching methods take place such as, and without

Iimitation, reactive ion etching (RIE), capacitively coupled plasma (CCP) with single
or multiple frequency RF sources, ind,Ubtiver coupled plasma (ICP), or microwave
plasma reactors, or other types of etc,h‘in’g systems capable of selectively removing a
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portion of the multi-stacking layers (e.g., siliéon-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 etcher 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. Pulsing the plasma may be used to
reduce the surface charging thereby reducing bowing.

[0079] Alternatively, the plasma-treated reactant fnay be produced outside 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 pressure ranging from approximately 0.5 Torf
to 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 kW to about 7.5 kW.

[0080] 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 to 450 mm diameters. The substrates may be any suitable substrates used
in semiconductor, photovoltaic, flat panel or LCD-TFT device manufacturing.
Examples of suitable substrates include wafers, such as silicon, silica, glass, or
GaAs wafers. The wafer will have multiple films or layers on it from previous
manufacturing steps, including multi-stacking layers (e.g., silicon-containing films).
The layers may or may not be patterned. Examples of suitable layers include without
limitation silicon (such as amorphous silicon, polysilicon (p-Si), crystalline silicon, any
of which may further be p-doped or n-doped with B, C, P, As, and/or Ge), silica,
silicon nitride, silicon oxide, silicon oxynitride, Sia2OsH:CdNe, (Wherein a>0; b, c, d, e
2 0) , hardmask layer materials such as a-C, antirefiective coatings, photoresist
materials, tungsten, titanium nitride, tantalum nitride or combinations thereof, etch
stop layer materials such as crystal'li_ne silicon, silicon carbide, SiCN or combinations
thereof, device channel materials_s‘Uch crystalline éilicon, epitaxial silicon, doped
silicon, SiaOpHcCaNe, (wherein a>0;'b b,c,d,ez0) or combinations thereof. The

-silicon oxide layer may form a dielectric material, such as an organic based or silicon
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oxide based low-k dielectric material (e.g., a porous SiCOH film). An exemplary low-
k dielectric material is sold by Applied Materials under the trade name Black
Diamond Il or lll. Additionally, layers comprising tungsten or noble metals (e.g.
platinum, palladium, rhodium or gold) may be used. Furthermore, examples of the
silicon-containing films may be SiaOpH:CdNe, (Wwherein a>0; b, ¢, d, e 2 0).
Throughout the specification and claims, the wafer and any associated layers
thereon are referred to as substrates.

[0081] The following are exemplary embodiments of the substrates (e.g.,
patterned wafers) on which the disclosed hydrofiuorocarbon etching gases may be
applied to etch.

[0082] In a disclosed embodiment, a substrate 100 may include a stack of
multiple layers as shown in FIG 1a. FIG. 1a is a cross-sectional side view of an
exemplary 3D NAND stack. As shown, a stack of n pairs of alternative SiO/SiN or
ONON layers 104 is located on top of a silicon wafer 102 (i.e., ONON or TCAT
technology). 104a represents a SiO layer and 104b represents a SiN layer. Here n
is integer. n may be 96. Alternatively, n may be 128, or even more. One of ordinary
skill in the art will recognize the silicon wafer 102 may be replaced with tungsten (W)
wafer. An a-C hardmask layer 106 is located on the top of the n pairs of SiO/SiN
layers 104. The a-C hardmask layer 106 may contain C and H, as well as other
elements, such as boron, nitrogen, efc., to improve etch resistance during SiO/SiN
layer etch. An antireflective coating layer 108 is located on top of the a-C hardmask
layer 106. A patterned photoresist layer 110 is located on top of the antireflective
coating layer 108. The patterned photoresist layer 110 includes a plurality of
patterned holes (one hole 112 is shown herein) that define a plurality of recess
regions in the 3D NAND stack. The recess regions will be formed by etching the
silicon containing film selectively versus a mask patterning layer under plasma
generated from the disclosed hydrofiluorocarbon etching gases. The hardmask layer
may be CVD or spin on deposited layer of a-C, doped carbon, silicon-containing spin
on mask, carbon-containing spin on mask, photoresist, etc. A SiON layer (not
shown) may be present between the antireflective coating layer 108 and the a-C
hardmask layer 106 to transfer pattern in phdtorésist layer 110 to the a-C layer 106.
One of ordinary skill in the art will recognize that the stack of layers in the substrate
100 is provided for exemplary purposes only and that the disclosed

hydrofluorocarbon etching gases may be used to etch other types of stacks of layers.

29



10

15

20

25

30

WO 2019/043448 PCT/IB2018/000954

Furthermore, one of ordinary skill in the art will recognize that the number of
alternating SiO/SiN layers 104 in the stack of the substrate 100 may vary. |

[0083] FIG. 1b is a cross-sectional side view of an exemplary aperture formed by
plasma etching in the 3D NAND stack of FIG. 1a. The difference between FIG. 1b
and FIG. 1ais in FIG. 1b via or aperture 114 is formed in substrate 100. Via 114 is
formed by etching alternating SiO/SiN layers 104 using the disclosed
hydrofluorocarbon etching compounds. Applicants believe via 114 may have an
aspect ratio ranging from 1:1 to 50:1 in contact etch applidations, preferably an
aspect ratio ranging from approximately 1:1 to approximately 200:1 by plasma etching
using the disclosed hydrofluorocarbon etching compounds. The disclosed
hydrofluorocarbon etching gases are able to etch both SiO2 and SiN ifayers in the
stacked alternating SiO/SiN layers 104 with almost the same or close etch rates.
That is, the stacked alternating SiO/SiN layer 104 is etched by a single etchant with
a single process, rather than etching alternatively with alternative etchants to SiO
and SiN, respectively. The disclosed hydrofluorocarbon etching gases have similar
etch rates of SiO2 and SiN (i.e., etching selectivity of SiO2 fo SiN is approximately 1:1,
preferably, etching selectivity of SiO2 to SiN ranging from approximately 1:2 to
approximately 2:1) in terms of getting a smooth sidewall of high aspect ratio holes in
3D NAND memory applications.

[0084] FIG. 1c is a cross-sectional side view of an exemplary aperture formed by
plasma etching in the 3D NAND stack of FIG. 1a having a polymer layer deposited
on the sidewall of the exemplary aperture. The disclosed hydrofluorocarbon etching
gases may produce fragments during the plasma process that are suitable for both
anisotropically etching the silicon-containing films and depositing a polymer
passivation layer on sidewalls of the structure being etched. The difference between
FIG. 1c and FIG. 1a is in FIG. 1c while forming via 114 in substrate 100 by plasma
etching using the disclosed hydrofluorocarbon etch gas, a polymer passivation layer
116 on the sidewalls of the via 114 is also formed simultaneously. By adding O2 to
the disclosed hydroﬂuoroéarbon etch gas, the thickness of the polymer passivation
layer 116 is under control thereby avoiding the sidewall profile deformation due to
the polymer deposition. The polymer passivation layer 116 formed by the disclosed
hydrofluorocarbon etch gas also provides smoother sidewall, little to no bowing ahd
little deformation at the bottom of the via 114. The polymer passivation layer 116
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may however be easily removed or cleaned by dry or wet etch chemistries well
known in the art.

[0085] FIG. 1d is a cross-sectional side view of an exemplary aperture formed by
plasma etching in the 3D NAND stack of FIG. 1a having sidewall bowing. As shown,
in an actual etching process, the a-C hardmask patterned layer 106 has a tapered
profile. The antireflective coating layer 108 and the patterned photoresist layer 110
are not shown. Sidewall necking (not shown) may occur in the a-C hardmask
patterned layer 106 or around the aperturé opening that may narrow the opening of
the via 114. The sidewall necking is formed by redeposition of particles sputtered
from the sloped sidewall of the mask pattern. The sidewall necking decreases the
etch rates and the bottom diameter, which eventually affects the contact resistance.
Thus, sidewall necking should be reduced or avoided around the aperture opening
(i.e., around ONON opening of the via 114) in the etching process. The sidewall 118
of the etched structure with a polymer layer deposition (not shown) is bowed and not
vertically straight, which lowers the quality of high-aspect-ratio etch hole. It is known
the sidewall bowing or barreling results from the lateral etching by bombardments of
deviated ions, and it is accelerated by the lack of a sufficient protective layer on the sidewall
of high aspect-ratio etch holes. The bowed profile is a bottieneck to the scale-down of
the 3D NAND architecture, resulting in a reduced process margin between the etch
holes. In FIG. 1d, “a” represents maximum sidewall etching, “b” represents ONON
opening line width and “c” represents bottom line width of the exemplary aperture
formed by plasma etching. Bowing can be determined by the ratio of the sidewall
etching by the following equation: bowing = (a/b)x100. Line width bias can be defined
by the difference between the opening line width and bottom line width, i.e., line
width bias = b-c. Line width bias represents etch stop due to shrinking bottom line
width. The ideal etch profile has no bowing, that is, bowing=0. That is, the maximum
line width is equal to the ONON opening line width for the structure being etched. In
an actual practice, a bowing of nearly 0 is always desired. Preferably, bowing is less
than 5% (or bowing is 0-5%). More preferably, bowing is less than 2% (or bowing is
0-2%). The bowing of the sidewall 118 may be reduced by using _t_he disclosed
hydrofluorocarbon etching gases. AppIiCants believe that the disclosed

hydrofluorocarbon gases reduce or eliminate the bowing of the s_ide'wall 118 of the

etch holes.
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[0086] One of ordinary skill in the art will recognize that the stack and geometry of
layers in FIG. 1a to FIG. 1d are provided for exemplary purposes only and that the
disclosed hydrofluorocarbon etching gases 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 less than the layers
depicted).

[0087] The disclosed hydrofluorocarbon etching gas is introduced into the
reaction chamber containing the subst.rate and the alternating layers of the first
etching layer and the second etching layer. If necessary, the container containing the
disclosed etching gases and the gas lines delivering the disclosed hydrofluorocarbon
etching gases to the reaction chamber may be heated to avoid condensation in the
delivery gas lines due to cold points. The temperature of the container and the gas
line may be adjusted in a known manner to control the amount of the disclosed
hydrofluorocarbon etching gases delivered, such that the disclosed
hydrofluorocarbon etching gas maintain a desired flow rate to the reaction chamber
without condensation. The disclosed hydrofluorocarbon etching gas may be
introduced to the chamber at a flow rate ranging from approximately 0.1 sccm to
approximately 1 sim. For example, for a 200 mm wafer size, the disclosed
hydrofluorocarbon etching gas may be introduced to the chamber at a flow rate
ranging from approximately 5 sccm to approximately 50 sccm. Alternatively, for a
450 mm wafer size, the disclosed hydrofIUorocarbon etching gas may be introduced
to the chamber at a flow rate ranging from approximately 25 sccm to approximately
250 sccm. One of ordi‘.nary skill in the art will recognize that the flow rate may vary
from tool to tool.

[0088] An oxygen-containing gas is introduced into the reaction chamber in order
to eliminate high polymer deposition or reduce the thickness of the high polymer
deposition. The oxygen-containing gas include, without limitation, oxidizers such as,
Oz, O3, CO, CO2, NO, NOz, N20, SOz, COS, H20 and combinations thereof. It is
known that addition of oxygen or oxygen containing gases to the plasma chemistry
increases F/C ratio of plasma species and reduces polymer formation (Seé, e.g.,
US6387287 to Hung et al.). The disclosed etching gases and the oxygen containing
gas may be mixed togéther prior to introducing into the reactioh chamber.

[0089] Alternativély', the oxygen-containing gas is introduced continuously into the
chamber and the disclosed hydrofluorocarbon etching gas introduced into the
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chamber in pulses. The oxygen-containing gas comprise between approximately
0.01% v/v to approximately 99.99% v/v of the mixture introduced into the chamber
(with 99.99% v/v representing introduction of almost pure oxidizer for the continuous
introduction alternative).

[0090] A second etch gas may be added to the disclosed hydrofluorocarbon etch
gases. The second etch gas is selected from the group consisting of cC4Fs, CaFs,
C4Fs, CsFs, CF4, CHsF, CF3H, CH2F2, COS, CS2, CFil, CoFsl, C2Fsl, FNO, SOzand
combination thereof.

[0091] The disclosed hydrofluorocarbon etching gas may be supplied either in
neat form or in a blend with an inert gas. The inert gas may optionally be introduced
into the reaction chamber and may help to sustain the plasma. The inert gas may be
He, Ar, Xe, Kr, Ne, N2 or combinations thereof. Preferably, the inert gas is Ar, Xe, Kr
or combinations thereof. The disclosed hydrofluorocarbon etching gas and the inert
gas may be mixed prior to introduction to the chamber, with the inert gas comprising
between approximately 0.01% v/v and approximately 99.9% v/v of the resulting
mixture. Alternatively, the inert gas may be introduced to the chamber continuously
while the disclosed hydrofluorocarbon etching gas is introduced to the chamber in
pulses. The disclosed hydrofluorocarbon etching gas may be present in varying
concentrations in the blend with the inert gas.

[0092] The disclosed hydrofluorocarbon etching gas and inert gas are activated
by plasma to produce an activated etching gas. The plasma decomposes the
disclosed hydrofluorocarbon etching gas into radical form (i.e., the activated etching
gas). The plasma may be generated by applying RF or DC power. The plasma may
be generated with a RF power ranging from about 25W to about 20,000W. The
plasma may be generated remotely or within the reactor itself. The plasma may be
generated in dual CCP or ICP mode with RF applied at both electrodes. RF
frequency of plasma may range from 200 KHz to 1GHz. Different RF sdurces at
different frequency may be coupled and applied at same electrode. Plasma RF
pulsing may be further used to control molecule fragmentation and reaction at
substrate. One of skill in the art will recognize methods and apparatus suitable for
such plasma treatment. ‘ } '

[0093] QuadrUpoIe mass spectrometer (QMS), optical emission spectrometer, FTIR,
or other radicalf/ion measurement tools may measure the activated etching gas from
the chamber exhaust to determine the types and numbers of Species produced. If
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necessary, the flow rate of the etching gas and/or the inert gas may be adjusted to
increase or decrease the number of radical species produced. These methods may also
be used for end point detection during the etching process to determine when the etch
has reached the end of the etch.

[0094] The disclosed hydrofluorocarbon etching gas may be mixed with other
gases either prior to introduction into the reaction chamber or inside the reaction
chamber. The disclosed hydroﬂuorocarbon etching gas and the other gases may be
mixed prior to introduction to the chamber in order to provide a uniform concentratio.n
of the entering gas.

[0095] In another alternative, the disclosed hydrofluorocarbon gas may be
introduced into the chamber independently of the other gases such as when two or
more of the gases react.

[0096] In another alternative, the disclosed hydrofluorocarbon etching gas and
the oxygen containing gas are the only two gasés that are used during the etching
process.

[0097] In another alternative, the disclosed hydrofluorocarbon etching gas, the
oxygen containing gas and the inert gas are the only three gases that are used
during the etching process.

[0098] The disclosed hydrofluorocarbon etching gas and the second etch gas
may be mixed prior to introduction to the reaction chamber. The second etch gas
may comprise between approximately 0.01% v/v to approximately 99.99% v/v of the
mixture introduced into the chamber.

[0099] The alternating layers of the first etching layer and the second etching
layer and the activated hydrofluorocarbon 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 reactive with the activated hydrofluorocarbon
etching gas. | |

[0100] The temperature and the pressure within the reaction chamber are held at
conditions suitable for the alternating layers, such as the silicon-containing film, to
react with the activated hydrofluorocarbon etching gas. _Fbr instance, the pressure in
the chamber may be held between approximately 0.1 mTorr and approximately 1000

‘Torr, preferably between approximately 1 mTorr and approximately 10 Torr, more

preferably between approximately 10 mTorr and approximately 1 Torr, and more
preferably between approXima‘ter 10 mTorr and approximately 100 mTorr. Likewise,
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the substrate temperature in the chamber may range between about approximately -
196°C to approximately 500°C, preferably between approximately -120°C to
approximately 300°C, more preferably between approximately -100°C to
approximately 50°C; and more preferably between approximately -10°C to
approximately 40°C. Chamber wall temperatures may range from approximately -
196°C to approximately 300°C.

[0101]  The reactions between the alternating layers and the activated
hydrofluorocarbon etching gas result in anisotropic removal of the alternating Iayers
from the substrate. Atoms of nitrogen, oxygen, and/or carbon may also be present in
the alternating layers. The removal is due to a physical sputtering of alternating
layers from plasma ions (accelerated by the plasma) and/or by chemical reaction of
plasma species to convert Si to volatile species, such as SiFy, wherein x ranges from 1-4.
[0102] The plasma activated disclosed hydrofluorocarbon etching gases preferably
exhibit high to infinite selectivity toward the mask layer and low to no selectivity toward the
alternating layers of the first etching layer and the second etching layer. The plasma
activated disclosed hydrofluorocarbon etching gases result in a vertical etch profile
with little to no bowing or roughness and high aspect ratio, which is important for 3D
NAND applications. Additionally, the plasma activated hydrofluorocarbon etching gas
deposits polymer on sidewall to minimize feature profile deformation. As shown in the
examples that follow, the plasma activated hydrofluorocarbon etching gas may
selectively etch SiO and/or SiN from mask layers, such as a-C and photoresist; or from
metal contact layers, such as Cu. The selectivity of etching SiO versus SiN by the plasma
activated hydrofluorocarbon etching gas may be ranged from 1:2 to 2:1, preferably
around 1:1, resulting in an etching break through both SiO and SiN layers.

[0103] The disclosed etch processes produce contact holes, channel holes,
staircase contacts, capacitor holes, efc., such as in 3D NAND flash memory, such as

- silicon-containing films. The resulting aperture may have an aspect ratio ranging from

‘approximately 1:1 to approximately 200:1 and a diameter of approximately ranging from 5

nm to 200 nm. For examplé, one of ordinary skill in the art will recognize that a channel
hole etch produces apertures in the silicon-containing films having an aspect ratio

greater than 60:1, and a diameter as less as 40nm..

Examples
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[0104] The following non-limiting examples are provided to further illustrate
embodiments of the invention. However, the examples are not intended to be all inclusive
and are not intended to limit the scope of the inventions described herein.

In the following examples, the etch performance of 1,1,1,3,3,3-hexafluoropropane
(CsH2Fe), 1,1,2,2,3,3-hexafluoropropane (iso-CsHsFs), 1,1,1,2,3,3,3-
heptafluoropropane (CsHF7), and 1,1,1,2,2,3,3-heptafluoropropane (iso-CsHF7)
etching gases to SiO2, SiN, a-C and Poly-Si layers are evaluated. The results show
that CsHaFs, iso-CgHng, CsHF7, and iso-C3HF7 etching gases offer etching SiO; and
SiN in a single etching process, offer sidewall protection with polymer deposition and
offer high aspect ratio straight vertical etch profile with little to no bowing. As a result,
CsHzFs, iso-C3H2Fs, CsHF7, and iso-C3HF7 may be used for etching structures for

NAND flash memory or ONON staircase etch. In addition, because CzHxFs, iso-

C3HaFg, C3HF7, and iso-C3HF7 etching compounds provide polymer formation, the

process maintains mask morphology and minimum sidewall deformation.

[0105] The following testing was performed using the Lam 4520 XLE advanced
dielectric etch system (150mm dual frequency capacitively coupled plasma etcher).
[0106] = Fig. 2 is an exemplary cross-sectional side view of exemplary reactor
system applied in deposition and etching tests. As shown, reactor 600 includes a
reactor chamber 602. A wafer 606 attached on the top of a bottom electrode 604 is
placed in the bottom portion of the reactor chamber 602, and a silicon top electrode
showerhead 608 is pIacéd on the top portion of the reactor chamber 602. The
bottom electrode 604 may be an electrostatic chuck having bias power applied
thereto. For example, 2 MHz RF bias power is applied to the bottom electrode 604.
The wafer 606 may have multi layers that need to be etched. The silicon top
electrode showerhead 608 has a plurality of holes 610 through which the gases
pass. The gases may be introduced into the reactor chamber 602 through gas inlet
612 and then pass through holes 610 in the showerhead 608 for uniform gas
distribution. Source power may be applied to the silicon top electrode showerhead
608. Fo‘_r example, 27 MHz RF source power may be applied to the silicon top
electrode showerhead 608. Between the silicon top electrode showerhead 608 and
the bottom electrode 604 is the plasma region. Numeral 614 shows gap distance
(dashed double arrows) of the silicon top electrode showerhead 608 and the bottom
electrode 604. For example, a gap distance of 1.35 cm may be selected for etching
tests. The gases passing through the holes 610 in the showerhead 608 are ionized
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in the plasma region and then perform etching on the wafer 606. The gases are
removed by pumping the gases out of the reactor chamber 602 from outlet 616.
[0107] Etching tests in the following Examples 1-4 were performed on four 2 x 2
cm? coupons having four different substrate materials including SiO2, SiN, p-Si, and
a-C. The coupons were placed on 150 mm diameter carrier wafer and held in contact
by thermal joint compound obtained from Wakefield Solution Inc. Alternatively,
carbon tape could be used to stick coupons on carrier wafer. The etching tests were
performed at 30 mTorr, source power of 760 W (27 MHz), and bias powér of 1500 W
(2 MHz). The flow rate of etching gas was 7.5 sccm; the flow rate of Ar was 250
sccm; and the flow rate of O, was varied in few sccm (e.g., 1, 5, 10 and 15 sccm)
increments to find crossover between etch/polymer deposition. The etching time was
60 seconds.

Example 1
[0108] FIG. 3 is a graph demonstrating etch rates of SiO2, SiN, a-C, Poly-Si
versus oxygen flow rate using CsHzFs (CF3-CH2-CF3) as etching gas on a planar
wafer. As shown, the etch rate of SiO: is initially high and then has a maximum value
with O2 flow rate of 5 sccm and then gradually reduced as Oz flow rate grows. The
maximum SiN etch rate of -SiN occurs with Oz flow at 8 sccm. Note that, when Oz
flow rate is in the range from 7 to 10 sccm, the etch rate of SiO2 and the etch rate of
SiN are high and nearly the same, whereas the etch rate of a-C and the etch rate of
Poly-Si are very low and much lower than those of SiO2 and SiN. This means that at
O: flow rate from 7 to 10 sccm, the etching gas CsH2Fe (CF3-CH2-CF3) etches |
through SiO2 and SiN layers without selectivity and selectively etches SiOzand SiN
layers from a-C layer and p-Si layer.
[0109] FIG. 4 is a graph demonstrating selectivity of SiO2 to SiN, a-C or poly-Si
versus oxygen flow rate using CsHzFs as etching gas. As shown, the selectivity of
SiO2 to SiN is lower than 5:1 but larger than 1:1 when O flow rate is 6 sccm. The
selectivity of SiO2 to SiN is approximately 1 when O: flow rate ranges from 71012
sccm. Thus, in this range, etching SiO2 and etching SiN are not selective. C3HzFs
etches both SiO and SiN layers with O flow rate ranging from 7 to 12 sccm.
Whereas, the selectivity of SiO2 to a-C is infinite (100) with Oz flow rate ranging from
5 to 11 sccm and then sharply decreases to almost less than 5 with Oz flow rate at
11 sccm and then to 0 with O flow rate at 12 sccm. The selectivity of SiO2 to Poly-
Siis ihﬁnite (100) with O2 flow rate r'angiing from 5 to 7 sccm and sharply decreases
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to about 35 with O2 flow rate at 7 sccm and then gradually decreases down to 0 with
O: flow rate between 7 to 12 sccm. Thus, at Oz flow rate ranging from 7 to 10 sccm,
CsH2Fe selectively etches SiO2 and SiN layers from a-C layer and p-Si layer.

Example 2
[0110] FIG. 5 is a graph demonstrating etch rates of SiO2, SiN, a-C, poly-Si
versus oxygen flow rate using iso-CsH2Fs (CHF2-CF2-CHF2) as etching gas on a
planar wafer. As shown, at O: flow rate from 7 to 10 sccm, the etching gas iso-
CsHzFs (CHF2-CF2-CHF2) etches through SiO2 and SiN layers withouf selectivity and
selectively etches SiOz2and SiN layers from a-C layer and p-Si layer. FIG. 6 is a
graph demonstrating selectivity of SiO2 to SiN, a-C or Poly-Si versus oxygen flow
rate using iso-CaHzFs as etching gas. As shown, at O2 flow rate ranging from 7 to 10
scem, iso-C3H2Fe selectively etches SiO2 and SiN layers from a-C layer and p-Si
layer.

Example 3
[0111] FIG. 7 is a graph demonstrating the etch rate of SiOz, SiN, a-C, poly-Si
versus oxygen flow rate using C3HF7 (CF3-CHF-CF3) as etching gas on a planar
wafer. As shown, at O flow rate from 8 to 11 sccm, the etching gas CsHF7 (CFs-
CHF-CF3) etches through SiO2 and SiN layers without selectivity but selectively
etches SiO2and SiN layers from a-C layer and p-Si layer. FIG. 8 is a graph
demonstrating selectivity of SiO2 to SiN, a-C or Poly-Si versus oxygen flow rate using
C3HF7 as etching gas. As shown, at O2 flow rate ranging from 8 to 11 sccm C3HF~
selectively etches SiO2 and SiN layers from a-C layer and p-Si layer.

Example 4

[0101] FIG. 9 is a graph demonstrating the etch rate of SiO2, SiN, a-C, poly-Si

versus oxygen flow rate using iso-C3HF7 (CF3-CF2-CHF3) as etching gas on a planar
wafer. As shown, at O2 flow rate from 7 to 10 sccm, the etching gas iso-CsHF7 (CF3-
CF2-CHF?>) etches through SiO2 and SiN layers without selectivity but selectively
etches SiO2and SiN layers from a-C Iayér and p-Si layer. FIG. 10 is a graph
demonstrating selectivity of SiOz to SiN, »é-C or Poly-Si versus oxygen flow rate using
iso-C3HF7 as etching gas. As shown, at O flow rate around 10 sccm, iso-C3HF7
sélectively etches SiOz and SiN layers frtgm a-C layer and p-Si layer. The etching
'results using iso-C3HF7 (CF3-CF2-CHF2) 'a.re different from those of C3HF7 (CF3-CHF-

CF3). Thus, the choice of isomer is believed to be important.
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Example 5
[0102] FIG. 11 is a SEM image of a patterned wafer for plasma etching. FIG.
12a-12b are SEM images after plasma etching the patterned wafer of FIG. 11 with
CsH2Fs (CF3-CH2-CF3) and O2. As shown in FIG. 11, the patterned a-C hardmask
layer is about 680nm thick with a pattern of square holes evenly distributed in the a-
C hardmask layer. The ONON layer is about 1.6um thick and has 60 alternating
layers of 40nm SiN layer and 25nm SiO: layer (30 pairs). FIG. 12a shows apertures
(1) to (5) formed by plasma etching with C3HzFs and Oz on the ONON stack. The
etching test was done at 30 mTorr, source power of 750 W (27 MHz), and bias
power of 1500 W (2 MHz). The flow rate of C3HzFs (CF3-CH2-CF3) was 7.5 sccm; the
flow rate of O, was 10 sccm; and the flow rate of Ar was 125 sccm. The etching time
was 120 seconds. The apertures (1) to (5) each have a nearly straight vertical
structure with smooth sidewalls. Sidewall necking occurs on the sidewall of the a-C
mask pattern layer, instead of around the ONON openings. The etching stops at
around 631nm in the ONON stack, as marked on the apertures (2) to (5). The
various line width data for the apertures (2) to (5), shown in FIG. 12b, are listed in
Table 2. The calculated bowings and line width bias for the apertures (2) to (5) are

also listed therein.

Table 2
Aperture | Max Line | Opening Line Bottom Bowing | Line Width

Width Width Line Width (%) Bias
(nm) (nm) (nm) (nm)

(2) 187 183 123 1 60

3) 179 179 107 0 72

(4) 167 183 111 N/A 72

(5) 171 179 111 N/A 68

[0114] The results show only apeﬁure (2) has 1% bowing which is nearly zero.
Consequently, the etched apertures using CsHz2Fe (CF3-CH2-CF3) and O2 have little
to no bowing and good sidewall prdiéctio_n.

| Example 6
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[0115] Commercially purchased samples of CsHzFe (CF3-CH2-CF3) were
analyzed using gas chromatography-mass spectrometry (GC/MS) and were found to
contain a number of hydrofluorocarbon, chlorofluorocarbon and
hydrochlorofluorocarbon impurities including 2,2-dichloro-1,1,1-trifluoroethane, 2-
chloro-1,1,1-trifluoroethane, trichloromonofluoromethane, and 2-chloro-1,1,3,3,3-
pentafluoro-1-propene, 1,1,1 trifluoroethane, 1,1,1,2 tetrafluoroethane,
Pentafluoroethane, and hexafluoropropylene as well as N2, CO2 and H20.

[0116] In summary, the evaluation of the dry etching of siliéon-containing films
with the disclosed hydrofluorocarbon etching gases shows that the disclosed
hydrofluorocarbon etching gases provide etching through SiN and SiO; layers in a
single etching process without selectivity. The disclosed hydrofiuorocarbon etching
gases also provide selectively etching the SiN and SiO: layers from a-C mask layer.
Simultaneously, during the etching process, the disclosed hydrofluorocarbon etching
gases form a layer of polymer on the sidewall of the etch structure to protect the etch
profile. The disclosed hydrofluorocarbon etching gases provide a high aspect ratio
etching profile with little to no bowing and good sidewall protection.

[0118] While embodiments of this invention have been shown and described,
modifications thereof may be made by one skilled in the art without departing from
the spirit or teaching of this invention. The embodiments described herein are
exemplary only and not limiting. Many variations and modifications of the compound
and method are possible and within the scope of the invention. Accordingly, the
scope of protection is not limited 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 matter of the claims.
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What is claimed is:

1. A method for fabricating a 3D NAND flash memory having alternating layers of
a first etching layer and a second etching layer on a substrate and a hardmask layer
on the alternating layers, the method comprising the steps of:

forming a hardmask pattern on the hardmask layer; and

using the hardmask pattern to form apertures in the alternating layers by
selectively plasma etching the alternating layers of the first etching layer and the
second etching layer versus the hardmask layer using a hydrofluorocarbon etching
gas selected from the group consisting of 1,1,1,3,3,3-hexafluoropropane (CzHzFs),
1,1,2,2,3,3-hexafluoropropane (iso-CsHzFs), 1,1,1,2,3,3,3-heptafluoropropane
(CsHF7), and 1,1,1,2,2,3,3-heptafluoropropane (iso-CzHF7), wherein the first etching
layer comprises a material different from that of the second etching layer.

2. The method of claim 1, wherein the hydrofluorocarbon etching gas is 1,1,1,3,3,3-

hexafluoropropane (CsH:zFs).

3. The method of claim 1, wherein the hydrofluorocarbon etching gas is 1,1,2,2,3,3-

hexafluoropropane (iso-C3H2Fs).

4. The method of claim 1, wherein the hydrofluorocarbon etching gas is
1,1,1,2,3,3,3-Heptafluoropropane (CsHF7).

5. The method of claim 1, wherein the hydrofluorocarbon etching gas is
1,1,1,2,2,3,3-heptafluoropropane (iso-CsHF7).

6. The method of any claims from 1 to 5, wherein the first etching layer
comprises a silicon oxide layer and the second etching layer comprises a silicon

nitride layer, and vice versa.

7.  The met_héd of any claims from 1 to 5, wherein the hydrofluorocarbon etching
gases plasma etch the alternating layers of the first etching layer and the second

etching layer versus the hardmask layer with an infinite selectivity. -
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8. The method of any claims from 1 to 5, wherein the hydrofluorocarbon etching
gases plasma etch the first etching layer versus the second etching layer with a
selectivity between approximately 1:2 to approximately 2:1, preferably a selectivity of

approximately 1:1.

9. The method of any claims from 1 to 5, wherein a sidewall of the aperture has a

bowing less than 0 to approximately 5%.

10. The method of any claims from 1 to 5, wherein the apertures have an aspect

ratio between approximately 1:1 and approximately 200:1.

11.  The method of any claims from 1 to 5, further comprising the step of heating the
hydrofluorocarbon etching gas to maintain a predetermined flow rate of the
hydrofluorocarbon etching gas for plasma etching and to avoid condensation.

12.  The method of any claims from 1 to 5, further comprising the step of adding an

oxygen-containing gas, the step of adding an inert gas, or combinations thereof.

13.  The method of any claims from 1 to 5, further comprising the step of adding a
second etch gas, wherein the second etch gas is selected from the group consisting
of cC4Fs, CaFs, CaFs, CsFs, CFa, CH3F, CF3H, CH2F2, COS, CS2, CFsl, CaFsl, CoFsl,
FNO, SO2and combination thereof. '

14. A hydrofluorocarbon etching compound comprising an organofluorine
compound selected from the group consisting of 1,1,1,3,3,3-hexafluoropropane
(C3H2Fe), 1,1,2,2,3,3-hexafluoropropane (iso-CsHzFe), 1,1,1,2,3,3,3-
Heptafiuoropropane (CsHF7), and 1,1,1,2,2,3,3-heptafluoropropane (iso-C3HF?7), the
organofluorine compound ‘having a purity of 99.9%-100% by volume and 0-0.1% by
volume trace gas impurities, wherein a total content of hydrofluorocarbon and |
oxygen-containing gas cohtaivned in said trace gaseous impurities is 0-150 ppm by

volume.
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15.  The hydrofluorocarbon etching compound of claim 14, wherein the oxygen-

containing gas is water and the plasma etching compound has a water content of 0-

20 ppm by weight.
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