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Objectives

Assess the feasibility of non-PFC chemistries in patterning
etch-resistant materials (complex materials and structures)

Identify non-PFC alternatives for the etching of carbon
doped silica

Examine the use of bond and group additivity methods to
determine thermodynamic properties of carbon doped silica

Screen the candidates of chemistries by comparing the
pressure of primary etch product in the volatility diagram
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Composition of Low-k Dielectrics!]

Dielectric materials used in IBM CMOS Porous carbon-doped silica,
microprocessors as feature sizes decrease.[?! a promising low-k dielectric.
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» Introduction of —CH; groups lowers the dielectric constant by
replacing Si-O bonds with less polarizable Si-C and C-H bonds

* Porosity incorporates air (k = 1) into the film, thereby realizing a
lower dielectric constant
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PFC Usage in BEOL

US EPA’s PFC emission model shows an average PFC emissions from
semiconductor manufacturing for the evolution of complex devices(!’]

14

.| Assumes implementation of:

12 41 NO emission reduction technology

10 E<7Snm

W==75 but <120nm
B>=120 but <160nm
W==160 but <200nm
O>=200 but <300nm
W =>=300 but <S00nm
B>=500 but <750nm
O5>=750 but <1000nm

MMTCE=
Million metric
tons of carbon

Emissions, MMTCE

W==1000 but <1500nm
E>= 1500nm

2010 US Industry Target
based on WSC Goal

{assumes participation by
all of US industry)

» Perfluorocarbon gases are used in BEOL for two major plasma
processes: wafer patterning of thin films, especially dielectric films,
and the in-situ cleaning of PECVD chambers
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Global Warming Potential

Atmospheric  Con. since 1994*  Annual emission Radiative

Lifetime  Global Warming

Chemistries  conc. in 2005 & 1998 in late 1990s efficiency . Ref.
(pp1) (ppY) (Go) (Wim?/ppp) ~ ea  Potentia
co, 278108 358x106* i i varible (1 D [12]
CH, 7x108 1721x10%* i i 12.2 21 [12]
N,O 275103 311x10%* i i 120 310 [12]
CHCIF, ] 105x10%* i i 12.1 1400 [12]
CF, 74 i il 0.1 50,000 [13]
CCLF, ] 503103+ i i 102 7100 [12]
C,F 2.9 3.4 -2 0.26 10,000 [13]
CHF, 18 22 = 0.19 270 11700 [12]
SF, 5.6 7.1 ~6 0.52 3,200 23900 [13]
NH, - - 0.054 - 2 hrs C 0 [14]
NF, <0.1 : Pr 0.21 740 16300 [13]
C,F, : - : : 19days (<L ) [15]
CF,l - - - - 2 days 1 [10]
CsFs - - - - - <1 [16]

- GWHP is a simplified index based upon radiative properties that
estimates the potential impacts of gases on global warming
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Target of Carbon-doped SiO, Etch

*Material Metrics as Specified by Intel (Dr. Suri)

Intel specified metrics:

Elements Range(%)

Si 20%

@) 40%

C 15-40% —
Porosity 20-25%
Thickness 100nm

Focus on:

1 | Trench etch (later via)

2 | Selectivity to PR

3 | Sidewall damage

Carbon Composition

Target doping Si O C H
level (%) (%) (%) (%)

Unit

2 20 20 20 40 SiOCH,
|7

3 125 125 25 50 SiO(CH,),

4  High 182 27.2 36.4 18.2 Si0,C,H

« SEM of C-doped SiO, etch by CF,/Ar [a]

SiO, hard mask faceting

Bowed profiles

Rough bottom

De47P B3 B83-83
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Systematic Approach - Thermodynamic

» Thermodynamic approach can be systematic

- If such data is available

NIST-JANAF Thermo-chemical tables

- HSC Chemistry for windows, chemical reaction and equilibrium software with
extensive thermo-chemical database

- FACT, Facility for Analysis of Chemical Thermodynamics

- Barin and Knacke tables (thermo-chemical data for pure substances and inorganic
substances)

- Determination of dominant surface/gas-phase species
- Assessment of possible reactions

 Graphical Representation of thermodynamic analysis

- Richardson Ellingham diagram
- Pourbaix diagram
- Volatility diagram

| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




Effect of Doping

Gas phase Surface
NF, with Oxygen-300K G(eV) | log(K) Si.N,-0,-F-300K G(eV) [ log(K)
A [0(g) + NFs(g) — NOF(g) + 2F(g) -0.70 11.7 1 | Si(c) + %0, (g) — SiO(g) 132 220
B [O(g) + NFx(g) — NOF(g) + F(g) -2.87 48.1 2 | Si0,(c) — SiO(g) + ¥%,0, (g) 7.56 -126.5
C_[O(g) + NF(g) — NOF(g) 549 915 3 |15i,N,0(c) — Si(e) + %N, (@) + %O, (q) 441 750
OO NG NOER D | S S8 T [0 + 0, 0 500+ @ | el tas
F [20(g) + NF(g) — NO2F(g) 801 1346 —2 | 25bN0() *+ %0, (9) — SiO(g) + V2N, (9) 319 525
15 | SiOy(c) + 4F(g) — SiF,(9) + O, (9) -10.00  168.0
NF,-300K G(eV) | log(K) 16 | SiO,(c) + 2F(g) — SiF,(g) + O, (q) 1.39  -23.0
G [ NF5(g) — NF,(9) + F(g) 217 364 21 [ YSiiN,(c) + %0, (g) — SiO(g) + ZN,(q) 090 -15.0
H_{ NFy(g) — NF(g) + F(g) 2.58 433 22 | 14SigN,(c) + %0, (2) — YSibN,O(C) + %N, (9) | -2.25  37.7
I | NF(g) — N(g) + F(g) 2.84) 4717 150
SiOF,(g)/SiF,(g) 100 |
E 5l
SiO,(c) SiO,(c) S |
S of
. SiO,(c W -
SiF4(g) 2(C) “. 50|
\ SiF,(q) z
RN ‘ ‘}/F FfF s 100}
Y3 Si3Ny(c) Y3 SizNy(c) gl
2/ 3 -150 +
Si02(C) -200 ] LM , . L
-300 -200 -100 O 100 200 300
Log P_(atm)

« Doping changes the etching characteristics
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Data for C-doped Silica Is Limited

Silica 2 (15.4%) (20%) (25%) (36.4%)
T HaC O\S./O 040
] L - | o O l
¥ I = - | H,C~ CH N/
Molecular T D“‘HSif”D 2| | 4 HoC,, ~S ., CH2
Structure o | ~Db R O_/Si\C/S\i_O e O O, «°
..‘O_,' 6 O H2 O 0 (’) 6 ©
AH
(kJ/mol) -910.87
AS -182.53 No data is|available
(J/mol)
AG
(kJ/mol) -856.11

« The thermodynamic data of C-doped silica is not available
in NIST, HSC chemistry and Perry’s handbook
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Bond and Group Additivity Method

* The bond additivity and group additivity methods proposed by H,C
Benson and Buss!3, is used to determine the energy of formation

for C-doped silica .
«  Test case of one unit SiO, :CH, (15.4%) o
Af Scarbon—doped Sio, = Scarbon doped SiO, (nsgi + XS(o)2 + ySCO: + 28;2)

A,G =AH —TxA,S

carbon—doped SiO,

si0,1 9100 | TROOK SO S0, CH,

carbon—doped SiO, carbon—doped SiO,

CH,[6] 3/4 506 i A¢H(kJ/mol) -910.9 -746.2
Si-C 1 2251 57.9 A{S(J/mol) -182.5 -324.8
Si-O 3 - -5.2 AG(kd/mol) -856.1 -648.8
C-H 8 - 54.0
Total - -746.2 204.3

| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|
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Compare AG for C-doped Silica

C-dOpEd S|O [4] Si015CH3[4'5] SlOCH2[4’5] SlO(CH2)2[4'5] S|015C2H[4‘5'6]
Silica 2 (15.4%) (20%) (25%) (36.4%)
@)
oy H3C O\S_/ 0\;!)./0
] A = | O 1
Molecular J | A O— - _~0 H,C~ “CH, Q/
Y Si | | HC, C/SI\CH/CHZ
Structure 0 [ ~Db 3 o—/Si\C /s\i—o 2 - o, e
«‘.‘O--".- d:.. O H2 O O/(’) Ol\o
A -910.87 -746.20 -517.40 -538.00 -662.70
(kJ/mol)
A -182.53 -324.77 -44.88 -141.84 -328.86
(J/mol)
AG -856.11 -648.80 -503.90 -495.50 -564.10
(kd/mol)

« Compounds with fewer Si-O bonds are more readily etched
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Selection of Chemistry

« Comparison of non-PFC and PFC in C-doped silica etch

» Consider the additives such as H, and NH, to facilitate the
formation of volatile C-containing compounds from highly-
doped silica (>15%C)

Reaction AG (eV)
Sio,

Si0,(c) + 2CF,(g) — SiF,(g) + 2COF,(g) -1.92

Si0,(c) + 2CF,(g) + H,(g) — SiF,(g) + 2COF(g) + 2HF(g) 1.51

SiO,(c) + 2CF,(g) + NH,(g) — SiF,(g) + COF,(g) + HCN(g) + HOF(g) + HF(g) 3.03
SIO(CH,),(c) (25%C-doped silica)

SIO(CH_),(c) + CF4(g) — SiF,(g) + CO(g) + C;H4(9) -2.67

SIO(CH,),(c) + CF,(g) + 2H,(g) — SiF,(g) + CO(g) + 2CH,(q) -4.43

SIO(CH,),(c) + CF,(g) + 2/3NH,(g) — SiF,(g) + CO(g) + 2/3HCN(g) + 4/3CH,(q) -3.10

| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing
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200 :
Pure I !
[ ——w/H, v
150 —— w/NH, o
—~ 100} o
IS '
& 5ol 6] E—
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Etching with CF,

Operating pressure

Log P (atm)

 H, addition increases the etch product pressure — most effective with 25% C-doped silica
* NH;addition has little effect — most effective with 20% C-doped silica

Reaction %F; ;? |

[1] | SiO,(c) + 2CF,(g) — SiF,(g) + 2COF,(g) -1.92
2Si0, sCHy(c) + 2CF,(g) — 2SiF,g) +

21| Cony(g) + CH,@) + 2C0@) N

3] giloo(g)Hz(C) +2CF,(g) — 2SiF,(g) + C,Hy(0) + 587
SiO(CH,),(c) + CF,(g) — SiF,(g) + CO(g) + |

[4] C2H4(9)2 2 4 4 -2.67 |
SiOCH CF H.(g) — Si co

[5] +ICH4(92)(C) + CF,(g) + Hy(2) iF,(9) + CO(g) 3.82 |
SiIO(CH,),(c) + CF4(g) + 2H,(g) — SiF,(g) +

6] |co@+2cH@ ' s
2Si0, sC,H(c) + 2CF,(g) + 5H,(g) — 2SiF,(g) +

[ |sco@+3ch@ 4 83

(8] 6Si0, sCH;(c) + 6CF,(g) + NHj(g) — 6SiF,(g) 1288
+ HCN(g) + 6COH,(g) + 2CH,(g) + 3CO(g) .

9 3SiOCH,(c) + 3CF,(g) + NHy(g) — 3SiF,(g) + 9.46

81| 3co(g) + HCN(g) + 2CH, () a0

[10] 3SI0(CH,)y(c) + 3CF,(g) + 2NH5(g) — 3SiF4(Q) | g3
+3CO(g) + 2HCN(g) + 4CH,(g) T

[11] 6Si0,5C,H(C) + 6CF4(g) + SNH;(g) — 6SiF4(9) | 15 47

+9CO(g) + 5SHCN(g) + 4CH,(9)
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Etching with CHF,

Operating pressure

Pure :
— W/ H, :
— W/ NH, I
I

|

I

I

O M
240 -35 -

30 -25 20 -15 10 5 0 5 10

Log P (atm)

CHF,

Reaction (5[4F§ (\3?

SiO,(c) + 2CHF4(g) — COF,(g) + SiF,(g) +

M |cong B —2
6Si0, sCH3(c) + 8CHF;(g) — 6SiF,(g) +

2] | 3com,(g) + 5CH,(g) + 6CO(g) 1.9
6SIOCH,(C) + 8CHF4(g) — 6SiF,(g) + 6CO(g)

Bl | +3c,Hg) + 2cH(@) 4 1897

(4] 3SiO(CH,),(c) + 4CHF4(g) — 3SiF,(g) + -8.68
3CO(g) + CH,(g) + 3C,H4(g) '
3SIOCH,(c) + 4CHF4(g) + 3H,(g) — 3SiF,(g) +

5] | 300¢ b 4 -12.13

6] 3SiO(CH,),(c) + 4CHF4(g) + 6H,(g) — -13.97
3SiF,(g) + 3CO(g) + 7CH,(q) '
6Si0, sC,H(c) + 8CHF4(g) + 15H,(g) —

[T | 6siF,(g) + 9CO(g) + 11CH,(g) 2637

(8] 6Si0, sCHs(c) + 8CHF5(Q) + NH3(g) — 6SiFy(9) | 14 o5
+ HCN(g) + 6COH,(g) + 4CH,(g) + 3CO(g) '

(0] 3SIOCH,(c) + 4CHF4(g) + NH3(g) — 3SiF,(9) -10.14
+3CO(g) + HCN(g) + 3CH,(q) '
3SiO(CH,),(c) + 4CHF4(g) + 2NH.(g) —

[10] 3SiF,(g) + 3CO(g) + 2HCN(g) + 5CH,(q) 1000

(1] 6Si0; 5C,H(c) + BCHF;(g) + 5SNH(g) — -16.43

6SiF,(g) + 9CO(g) + 5HCN(g) + 6CH,(9)

 H, addition increases the etch product pressure — most effective with 25% C-doped silica
* NH;addition has little effect — most effective with 20% C-doped silica

| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing
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Etching with CH,F,

Operating pressure

O M
240 -35 -

30 -25 -20
Log P

15 -

CH,F,

10

"5 0 5 10

(atm)

Reaction (?4(5 2{)
SlOZ(C) + 3CH2F2(g) and COFZ(g) + S|F4(g) + _

L | cony(g + cH, (@) 2%

2] 2Si0, sCH,4(C) + 4CH,F,(g) — 2SiF,(g) + 717
COH,(g) + 2CO(g) + 3CH,(9) '

3] 2SiOCH,(c) + 4CH,F,(g) — 2SiF,(g) + 2CO(g) -7.80
+ C,H,(g) + 2CH,(9) '

(4] | SIOCH() + 2CHFy(e) — SiFy(G) + CO(G) 383
+ C,H,(9) + CH,(9) '
SIOCH,(c) + 2CH,F,(g) + Hy(g) — SiF,(g) + _

Bl | cogg) + 2cH,(g) e

(6] SiO((EI—)|2)2(c) + %C)Hze(g) + 2H,(g) — SiF,(9) 539
+ CO(g) + 3CH,(g '
2Si0, 5C,H(c) + 4CH,F,(9) + 5Hy(g) — )

[7] 2SiF,(g) + 3CO(g) + 5CH,(qg) 10.26
6Si0, sCHj(c) + 12CH,F,(9) + NH5(g) —

[8] | 6SiF,(g) + HCN(g) + 6COH,(g) + 8CH,(g) + -18.67
3CO(q)

(0] 3SIOCH,(c) + 6CH,F,(g) + NH;(g) — 3SiF,(g) 12.35
+ 3CO(g) + HCN(qg) + 5CH,(q) i
3SIO(CH,),(c) + 6CH,F,(9) + 2NH;(g) —

[10] 3SiF,(g) + 3CO(g) + 2HCN(g) + 7CH,(q) -12.21

(117 | 8S101sCH(C) + 12CH,F(g) + SNHy(g) — 20.86

6SiF,(g) + 9CO(g) + 5SHCN(g) + 10CH,(9)

 H, addition increases the etch product pressure — most effective with 25% C-doped silica
* NH;addition has little effect — most effective with 20% C-doped silica

[4] NIST-JANAF Thermochemical (2013)
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Etching with CH;F

Operating pressure

200 ,
Pure 1 |
[ _W/ H2 : 1
150 + —— w/ NH, v
100 S
g I
& 50
LL
D-U')
o> O
o
—

o
o

O ) ) ) ) ) ) ) ) )
-40 -35 -30 -25 -20 -15 -10 -5 0 5 10

Log P__ _(atm)

CH,F

Reaction G[ 4’(5e’ 2{)

Si0,(c) + 6CH,F(g)— COF,(g) + SiF,(g) +

[1] 4crf4(g) + co3H2(g) i ‘ 404

o1 | 281015CHy(C) + BCH;F(g) — 2SiF,(g) + .37

[2] 2CO(g) + COH,(g) + 7CH,(9) '
2SiIOCH,(c) + 8CH,F(g) — 2SiF,(g) + 2CO(q)

1 |+ cHyg) + 6CH, @) 4 1099
SIO(CHy),(c) + 4CH3F(g) — SiF,(g) + CO(g) + )

41| ci,00) + 3cH, @) 41
SIOCH,(C) + 4CH,F(g) + H,(2) — SiF,(g) +

Bl |co@+4cHe 4 98
SIO(CH,),(c) + 4CH5F(g) + 2H,(2) — SiF,(q)

6] | coq)+5CH(g) | i ' 650
2Si0, sC,H(c) + 8CH;F(g) + 5H,(g) — 2SiF,(9)

[71 | ¥'3c0(g) + 9CH,(g) | i ' 1241
6Si0; sCH3(c) + 24CH3F(g) + NH;(g) —

[8] | 6SiF,(g) + HCN(g) + 6COH,(g) + 20CH,(g) + -25.28
3CO(9)
3SIOCH,(c) + 12CH,F(g) + NHa(g) — 3SiF,(g)

1| ¥'aco(g) + HCN(g) + 11CH,(g) T | 1566
3SiO(CH,),(c) + 12CH,F(g) + 2NH4(g) —

[10] 3SiF,(9) N ?fCO(g) + 2H3CN(g) + 13éH4(g) 1551

[11] 6Si0, 5C,H(c) + 24CH3F(g) + SNH;(g) — 27.46

BSiF,(g) + 9CO(g) + SHCN(g) + 22CH,(g)

 H, addition increases the etch product pressure — most effective with 25% C-doped silica
* NH;addition has little effect — most effective with 20% C-doped silica

| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing
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Etching with C,F,

) Reaction ?4(58 ;/])
200 Operating pressure 1] | ZS0CHD() + 2C2F4(e) - 2SiFa(g) + S 18
Pure : I 2CO(g) + C2H4(g) + 2C2H2(qg) o
i I
— W/ H2 : I [2] Si02(c) + C2F4(g) — SiF4(g) + 2CO(g) -3.80
150 | —— w/ NH3 , !
! I 3 SiOCH2(c) + C2F4(g) — SiF4(g) + CO(g) + 387
Bl | coreg =
=111 ] )
4Si01.5CH3(c) + 4C2F4(g) — 4SiF4(g) +
— 100 ! [4] | 6co(g) + 3cHA() -22.55
_§ i [5] 2Si01.5C2H(c) + 2C2F4(g) + 3NH3(g) — 8.91
\‘_5, 50 2SiF4(g) + 3CO(g) + 2CH4(g) + 3HCN(g) e
- | ! 51 | 2SIO1SCH3(e) +2C2F4(g) + NH3(g) - 10.08
& I \ [6] 2SiF4(g) + HCN(g) + 3CO(g) + 2CH4(g) e
al 1
ol . . 7 3SiO(CH2)2(c) + 3C2F4(g) + 4NH3(g) — 15.15
8) : : 7] 3SiF4(g) + 4HCN(g) + 3CO(g) + 5CH4(g) o
3 I : (8] SiOCH2(c) + C2F4(g) + NH3(g) — SiF4(g) + 510
50 1 : I HCN(g) + CO(g) + CH4(g) '
: I [9] 2Si01.5CH3(c) + 2C2F4(g) + 3H2(g) — 12.06
! I 2SiF4(g) + 3CO(g) + 3CH4(q) '
I
SiOCH2(c) + C2F4(g) + 3H2(g) — SiF4(g) +
_100 A RS T T T TS SNV R S S [10] co >CH4 -7.08
40 -35 -30 -25 20 -15 -10 -5 0 5 10 )+ 2cH14(0)
[11] 2Si01.5C2H(c) + 2C2F4(g) + 9H2(g) — 14.87
Log P (atm) 2SiF4(g) + 3CO(g) + 5CH4(qg) '
CF, 121 | SIO(CH2)2(c) + C2F4(g) + 4H2(g)— SiF4(g) + 270
[12] CO(g) + 3CH4(g) o

 All chemistries are most effective with 36.4% C-doped silica

| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing
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Etching with C.F,

Operating pressure

O M . .
-40 -35 -30 -25 -20

1510 5 0 5 10
Log PCGFG(atm)

: G (eV)
Reaction [4.5.6]

3Si0,(c) + 2C¢F4(q) + 12H,(g) — 3SiF,(q) + .

(LI | 6cofg) + 6CHq(g) S
6Si0, sCH;(c) + 4C4Fg(g) + 33H,(g) — 6SiF,(g)

2] | +ocofg) + 210H,(g) 32
3SIOCH,(c) + 2CgFg(g) + 21H,(g) — 3SiF,(9) + |

BI' | sco(g) + 12cH,(0) 2T
3SiO(CH,),(c) + 2CsF¢(g) + 24H,(g) —

4] | 3siF,(g) + 3CO(g) + 15CH,(g) 26.63
6Si0; sC,H(c) + 4C4F¢(g) + 51H,(2) — 6SiF,(9)

Bl |+ aco(g +27cHy(g) L8

[6] 3Si0,(c) + 2C4F4(g) + 4NHj(g) — 3SiF,(9) + -6.99
6CO(g) + 4HCN(g) + 2CH,(9) '

(7] 6Si0; sCH3(c) + 4C4F4(9) + 11NH,(g) — 21.40
6SiF,(g) + 9CO(g) + 11HCN(g) + 10CH,(g) '

(8] 3SIOCH,(c) + 2C4Fg(g) + 7NHs(g) — 3SiF,(9) -10.88
+3CO(g) + 7THCN(g) + 5CH,(g) '

(0] 3SiO(CH,),(c) + 2C¢F¢(g) + 8NH(g) — -10.73
3SiF,(q) + 3CO(g) + 8BHCN(g) + 7CH.(q) '

[10] 6Si0; sC,H(C) + 4C4F4(0) + 17NH4(g) — 17.91

6SiF,(g) + 9CO(g) + 17HCN(g) + 10CH,(g)

 H, addition increases the etch product pressure — most effective with 25% C-doped silica
* NH;increases the etch product pressure — most effective with 15.4% C-doped silica
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[4] NIST-JANAF Thermochemical (2013)



4

Log P (atm)

Etching with NF,

. G (eV)
. React
200 Operating pressure il (455
| [1] | SiO,(c) + 2NF4(g) — SiF,(g) + 2NOF(g) -6.59
6SiO sCH (c) + 11NF4(g) — 6SiF4(g) +
150 [2] 9Noé(5g) +32HCN(g) +34CH4(g) 134
2SiIOCH,(c) + 3NF4(g) — 2SiF,(g) + HF(g) +
. 31 | Hengg) + CoHy) + N0 -20.95
100 . 3Si0(CH,),(c) + 4NF4(g) — 3SiF,(g) +
| I [4] 2HCN(g) + CO(g) + COH,(g) + N,O(qg) + -29.69
| 1 2CH,(9)
! 6Si0, :C,H(c) + 8NF,(g) — 6SiF,(g) +
50 : , 5] | 6HCN(g) + N.O(g) + 2CO,(q) + 4C0(q) -60.27
|
L
0f L
I I
I |
-50 o
I I
I I

O P I RN R B R P B B B
-40 -35-30-25-20-15-10 -5 0 5 10
Log PNFS(atm)

* NF;,;, most effective with 20% C-doped silica
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Low Damage Etching with CF,I1'®!

Etchant Etch Rate GWP * CF;l produces less UV radiation
(nm/min) « | atoms scavenge F radicals to

CF.l 250 1 form IF,
CE 200 o * Less damage to doped carbon
4 keeps dielectric constant low
C,Fg 410 290
g CF,l CF, C,Fq
o> € Cross :
s [Beforeexposure %12 _____________________ = F ﬂ , ﬂ ﬂ ({HF
%0-9 H g Bl [Py P-SIOC ;‘ N | | . | | ] f
ean BN B [ — . b8 PR A5y 8RR R e
s . b k- T
Qos g 0 : 1§
2 s CF,] CF, GF, k] i
‘_:’ Plasma : ~ :
(a) (b) (c)

(a) Decrease in absorption corresponding to Si-CH, bond. (b) Increase in dielectric constant after etching. (c) Etch profiles of
porous SIOCH.
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[8] Eiichi Soda, et al. J. Vac. Sci. Tech. A 26, 875 (2008) — from Semiconductor Leading Edge Technologies, Inc., Japan & Tohoku University, Japan




Environmental Impact of CF.I

Amount of fluorocarbons detected in exhaust in sccm. Feed gases are all 40 sccm except
CF, (15 sccm) — CHF; (25 sccm).l]

Etchant — o200)  (12100) (1)  (12500)  (6950)
CF, 29 0.6 - (23 06 |06
CHF, |45 23 - |09 02 |16
CF,| 12 - |26 |34 03 |19
CF,-CHF, | 11 15 - |11 29 |18

« Recombination in plasma forms high-GWP gases (CF,, C,F;)
* CF;l has less than 1/3 total impact on global warming compared to
other fluorocarbons
» CF;l photolyzes within days in atmosphere to eventually form CO,, HF,
and HI. [10]
* This is responsible for GWP,,, values ~1.
* When released from sea level, CF;l has small effect on ozone (ozone
depletion potential = 0.018). [11]
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[9] F. Fracassi, R. d’Agostino, J. Vac. Sci. Tech. B 16, 1867 (1998).




Etching with CF:l

Operating pressure

200 :
Pure I !
—w/ H, v
190 — winm, o
— 100 L
=
& 50
=
D-U) | I
(@)) 0 I
o ! :
-1 l |
-50 L
_ O P TR RN AT R R | - AI P R
-40 -35 -30 -25-20-15-10 -5 0 5 10
Log P._ (atm)

CF,|

Reaction C? 4‘(:;?

[1] | SiO)c)+ 2CF,i(g) — SiF(g) + 2CO(Q) + 2IF() |  -0.87
610, .CHy(C) + 8CF,1(2) — 6SiF,(g) + 41,(g) +

21 | oco@)+Chye) + 3CH@) -24.02
SIOCH,(c) + 2CF,1(g) — SiFA(g) + C,H,F,(0) +

Bl |cog+ng T 3.69
SIO(CH,),(c) + 3CF4l(g) — SiF,(g) + 2C,H,F,(q)

[4] ] coq) + IF(g) + 1) o 231
6Si0; :CH,(C) + 8CF,1(g) + Hy(g) — 6SiF,(g) +

51 | a1,9) + 9cO(g) + 5CH,(G) ' 24.75
3SIOCH,(c) + 4CF,1(g) + 5H,(g) — 3SiF,(Q) + )

81 | 3co(q) + aCH,(g) + 21:(0) 15.53
3Si0(CH,),(c) + 4CF,1(g) + 8H,(2) — 3SiF,(g) +

7] | 21,0 +3C0@) + 7CH() ' 17.37
6Si0, <C,H(C) + 8CF,1(g) + 19H,(2) — 6SiF4(q) +

[8] 4|2(g)1 i 92CO(g) + 11C33H4(g) i ) -33.17
18Si0, sCHy(C) + 24CF,1(g) + NHy(@) —

[9] | 18SiF,(g) + 121,(g) + HCN(g) + 27CO(g) + 72.25
14CH,(q)
9SIOCH,(C) + 12CF,1(g) + 5NHy(g) — 9SiF,(g) +

[10] 9CO(g) +2 5HCN(g) +3 7CH,(9) +36I2(g) ) -36.66
9SiO(CH,),(C) + 12CF,1(g) + 8NHa(g) — 9SiF,(q)

(111 | 4 61(g) + 9CO(q) + BHCN(g) + 13CH,(G) . -36.23
18Si0, .C,H(c) + 24CF,1(g) + 19NH(g) —

[12] | 18SiF,(g) + 121,(g) + 27CO(g) + 19HCN(g) + -61.77

14CH,(9)

* H, addition increases the etch product pressure — most effective with 25% C-doped silica
* CF;l w/ and w/o NH,— most effective with 20% C-doped silica

SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|

[4] NIST-JANAF Thermochemical (2013)



Comparison of Etch Chemistries

1 Sio, .C H

| B . l = (36.4%)
TR, :
5 - SIO(CH,),
- (25%)
o
a
S SiOCH,
: mEmmEnninnlE o
[¢D)
N
c_és .
= ] SiO, .CH,
Z 7 (15.4%)

. SiO

— R ot | I_H_H_mﬁ i

lPure H2 NH3' I‘Dure H2 NH3 ‘ Fure H2 NH3 ' ‘Pure H2 NH3‘ Il:’ure H2 NH3 “Pure H2 NH3' . H2 NH31 l
T T

CF, CHF, CHF, CHF CFl CF, CF, NF,

The y-axis represents the normalized partial pressure of SiF,, one of the primary etch products. The normalization is with respect to the partial
pressure of SiF, generated in CF, etching SiO, where all the thermodynamic data are from NIST JANAF Thermodynamic Table, 2013
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[4] NIST-JANAF Thermochemical (2013)




Summary

« \olatility diagrams can be used to assess general trends in potential etchant
chemistries

« Thermodynamic properties of carbon doped silicon model compounds were
evaluated via established bond and group additivity methods

 Addition of hydrogen via H, in general increases the pressure of the
primary etch product

* Non-PFC alternative chemistries C,F,, CsFs, NF5, and CF;l are shown to
be more effective in producing SiF, from each of the carbon doped species
than fluoromethanes (e.g. CF,, CHF;, etc)

 With the exception of NF;, each of the etchants examined have relatively
low global warming potentials (GWPs); however, NF; can be effectively
abated through thermal processes

» CF;l is not as effective as NF;, yet still viable, due to less environmental
Impact

| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing
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