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Objectives

 Assess the thermodynamic feasibility of patterning etch-
resistant materials (complex materials and structures)

 ldentify the non-PFC alternative for priority test cases
(such as through silicon via etch and magnetic metal etch)

 Validate the theoretical assessment by performing etching
experiments of these materials with industrial sponsors
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ESH Metrics and Impact

Reduction in the use of PFC gases by focusing on non-
PFC chemistries

Reduction in emission of PFC gases to environment

Reduction in the use of chemicals by tailoring the
chemistries to the specific materials to be removed
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TSV (Through Silicon Via)

TSV for 3D-LSI technology road map [ From 2-D to 3-D packaging [
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* According to Moore’s Law, the density of IC devices doubles
every two years, the 3-D packaging system is required.

| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|
[1] M. Motoyoshi, IEEE, 2009; [2] P. Garrou, Samsung website, 2010




Challenges in TSV

High etch rate (~1 wm/min) High aspect ratio (>10) [1.2] Greenhouse gas usage [
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 Requirement to increase etch rate, increase aspect ratio and
reduce the usage of global warming gases
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TSV Processes

Width
Aspect ratio
Sidewalls
Temp. affection
Process
Potential applications

Example

TSV Process Options

DRIE (Deep Reactive lon Etching) 4]

IRTATR] u‘y'n \f Wi AR NN W10

Bosch DRIE [€] Cryogenic DRIE [7]

<5um <5um
>20:1 >10:1
Vertical (90°) Vertical &smooth
Negligible -110°C ~ -130°C
ICP ICP
High-end High-end

Microprocessors Microprocessors

Laser drill [3]

Laser drill [3]

<15um
>7:1
80°-90°
Yes
Laser
Low-cost
DRAM/Flash

* As the critical dimension continues to decrease, DRIE becomes the
most feasible technology for TSV
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Important Chemistries for Silicon Etch [°]

\olatile \olatile

Chemistries  Radical Product Inhibitor Chemistries  Radical Product Inhibitor
H, H HSiF,  SiFy CHF, CF, HFSiF, SiCyH,
CH SiH : CFH, :
CH, CHz SiF: Si,C,H, CH,F, - HF  SixC,FH,
Fs F SiF, SixFy CH,F g:ﬁ HF, H, SixCyF,H,
NF, F,.NF,  SiF, S|X_Ny|=z COF,, OF
SiF, F,SiF;  SiF, SixFy CF/O, FO,CF, OFF, SiO/F,
CF, F, CF, SiF,  SiCyF; SiF,
: : CHF, HF, .
SF, F, SFs S!F4 S!Xssz CF,/H, F H,CF, SiF, SixCyF;
Slez F Sle S'FI4 S'XSIsz SF./0,  SF. O, F SOF, SiF, SixO,F;
C C SiC C . :
2 "l SF./H, SF,H,F HFSiF, SiS/F,
Br, Br SiBry Br - i
_ SF./N,  SF,N,F SiF,  SiSF,
: Si,C,Br,, SE. E Y
CBr, Br,CBr, SiBr, By SF, /CHF, ok HRSiF, SihCF,
2
Br,
CBrF, F, Br SiBr4 SiXCyFZ
—>Fluorine-based gases remains — SLEB,
ccCl, 27" siCly cl

the most effective chemistry
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Can SF4 be Replaced for Si Etching

Atmospheric  Con. since 1994* Annual emission
Chemistries conc. in 2005 & 1998 in late 1990s
(ppt) (ppt) (Go)
CO, 278x106 358x106* -
CH, 7x105 1721x103%*
N,O 275x103 311x103*
CHCIF, - 105x103*
CF, 74 - ~15
CCLF, - 503x103*
C,Fs 2.9 3.4 =2
CHF, 18 22 ~7
SF 5.6 7.1 ~6

@ <01 ) 23

- GWHPs are one type of simplified index based upon radiative
properties which estimate the potential future impacts of gases

- NF; Is promising but it is a Greenhouse gas.

Rafactive
efficiency
(W/m? —ppbv)

0.1

0.26
0.19
0.52
0.21

Lifetime Global warming Ref

(year) potential
variable 1
12.2 21
120 310
12.1 1400
50,000 6500
102 7100
10,000 9200
270 11700
3,200 23900
740 16800
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The Potential Use of NF, In TSV

« NF; and its reaction products are toxic in Toxic Substances Control Act (TSCA)
* NF; +2H,0 — 3HF + HNO,; NF; + 3H,0 — 6HF + NO + NO,; 2NF; + 3H, — N, + 6HF

Title Authors Year Journal Citation
. Prather, M.J. and J. Geophysical
NF;,the greenhouse gas missing from Kyoto Hsu 2010 Research Letters 55444
Environmental and health risk analysis of NF;, a toxic Tsai, W. T. 2008 Journal of _ 28060
and potent greenhouse gas Hazardous Materials
« Abatement of Greenhouse Gases 121
BOE Edwards Thermal Proc. Sys. Catalytic Decomposition Systems Plasma Abatement Systems

Not effective in decomposing CF,  The catalyst lifetime only 18 months For semiconductor industry in plasma
etching process and chamber cleaning
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Plasma Torch Abatement of NF; & SF;1:!
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- NF; is a Greenhouse gas but it can be destroyed nearly 100%
- Byproduct such as HF could be removed by scrubbing [13.14]
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Etch Rate of SI In F-Based Chemistries

Etch rate  Power Pressure

SSrEh (nm/min) (W)  (mtorr) R
SF, 300 20 [d]
SF./0,(25%) 880 300 25 [d]
SF¢/0,(25%) 490 100 [d]
SF¢/O,/CHF, 3000 500 [c]
SF(40sccm)/O,(14sccm)/CHF4(17sccm) 670 60 [j]
SF(80%)/C,Cl;F;(20%) 700 140 47 i]
SF¢(10%)/CBrF,(90%) 310 100 50 [h]
SF4(6sccm)/HBr(10sccm)/Cl,(70sccm) * 1100 100 [e]
SF.(10%)/CBrF,(80%)/Ar(10%) 410 190 50 [h]
CF, 30 [K]
CF,* 20 [f]
CF,/0O, 460 [K]
CF,/0O, 300 [K]
CF,(90%)/0,(12%)/N.,(8%) * 260 [e]
CBrF, 60 100 50 [h]
CBrF, 40 100 20 [dg]
FIF, 460 [KI
SiF,/0O, 44 [K]

* :poly-silicon
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Etch Rate of SI/S10,/SI;N,/SIC by NF,

Etch _ Etcr_l Etch Etch_ Pressure
Etchant rate_§| I’ate_SI.OQ rate_S|§N4 rate_S_|C Power (mtorr) Ref
(nm/min) (nm/min) (nm/min) (nm/min)

NF;(100%) 90 1000 1.4W/cm? 550 [I]
NF;(25%)/N, 860 7400 1.4W/cm? 550 [I]
NF,(25%)/Ar 670 8000 1.4W/cm? 550 [I]
NF;(25%)/He 560 7400 1.4W/cm? 550 [I]
NF;(25%)/0, 520 5200 1.4W/cm? 550 [I]
NF.(25%)/N,O 280 3600 1.4W/cm? 550 [I]
NF, 437 900W 12 [m]
NF,/O, 350 750W 2 [n]
NF,(60%)/CH,(40%) 111 800W 6 [m]
NF,(7sccm) 192 40W 100 [o]
NF;(300sccm) 550 30 18 1400W 1000 [p]
NF,(500sccm)/O,(50%) 90 360 1400W 1000 [p]
NF,;(200sccm) 380 1400W 1 [q]
NF;(10%)/0,(90%) 700 1400W 1 [q]

* The addition of O, seems to increase Si, SIO, and Si;N, etch rate
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Silicon Etching by Fluorine

Main reactions of silicon etching by F,

Reactions G(eV) | log(K)
F e 1 | Si(c) — Si(g) 4200 -70.5
Si O 1> | Si(c) + %F,(g) — SiF(g) -0.54 9.0
ose 2 | Si(c) + F(g) — SiF(g) -1.18 19.8
M 3 | SiF(g) + F(g) — SiF,(Q) -6.31|  105.9
e ne 4 | SiF,(g) + F(g) — SiF4(g) -5.57 93.4
\\\\\\\&& 5 | SiF4(g) + F(g) — SiF,(g) -5.82 97.7
——— Electron impact dissociate energy of F,!14
Reactions | G(eV)
F.(g)+e— 2F(g)+e | 1.6

* Fluorine is the most effective etching chemistry for silicon,
especially atomic fluorine, as produced by plasma
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Production of Fluorine from Sk, and NF;

Reactions G(eV) Log(K) Reactions G(eV) | Log(K)
S1 SFe(g) — SF5(g) + F(9) 3.52 -59.1 N1 | NF4(g) — NF,(g) + F(g) | 2.17 | -36.4
S2 SFs(g) — SF,(g) + F(9) 1.85 -31.0 N2 | NF,(g) — NF(g) + F(g) | 2.58 | -43.3
S3 SF,(g) — SF;4(g) + F(9) 3.07 -51.5 N3 | NF(g) — N(@) +F(g) | 284 | -47.7
S4 SF4(g) — SF,(g) + F(9) 2.56 -42.9 [CRC handbook, 2010]
S5 SF,(g) — SF(g) + F(g) 3.64 -61.1
S6 SF(g) — S(g) + F(g) 3.25 -54.6 [CRC handbook, 2010*; Y. Tanaka, IEEE, 1997]
Reactions G(eV)
S1 | SF4(g)+e— SFy(g)+F(g)+e | 4.00 e For SF6, electron impact
S2 | SFs(g)+e — SF,(g) + F(g) +e 2.27 - . -
5 Toro e S Sr@ F@ e | a7 d Issocl ate energy Is comparable
S4 | SFy(@)+ec— SF(q)+F(g)+e | 292 and slightly higher than that from
S5 | SF@)+te—SF@+F(@+e | 401 thermal equilibrium data (~0.4eV)
S6 SF(g)+e— S(g) + F(g) +e 3.52

* It is possible that the available equilibrium data on NF; can be
used as a guide to the production of fluorine in a plasma
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Can SF¢ be Replaced by NF,?

|Si +%, SFe(g) —¥, SiF,(g) +

7, SiS,(c) |+ 4F(g) — Y,SiF,(g) + ¥,SF4(9)
AG =-7.0eV AG=-19eV
Reactions G(eV) | log(K)
1 | Si(c) — Si(g) 420 -705
1’ | Si(c) + ¥F,(g) + — SiF(g) -0.54 9.0
2 | Si(c) + ¥%,SFq(g) — ¥,S,Si(c) + ¥,SiF,(q) -7.00 1175
3 [ Si(c) + %,SF4(g) — %S,Si(c) + %SiF,(g) 232 39.0

Ifi +73NF3(g) — Y, SiF,(g)
A G = -8.6eV

+ Y SigN,(c) [+ 4F(g) — Y,SIF,(g) + %NF(g)
AG=-0.2eV
Reactions G(eV) | log(K)
1 | Si(c) — Si(g) 420 -70.5
1’ | Si(c) + ¥, F,(g) — SiF(g) -0.54 9.0
2 | Si(c) + %NF4(g) — %N,Sis(c) + ¥,SiF,(g) -8.63] 145.0
3 | Si(c) + ¥%NF5(g) — Y%N,Sis(c) + %;SiF,(9) -4.46] 749

Log PSiF4 , SiF, (atm)

Log PSiF4 , SiF, (atm)

300 -
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300 -

200 -
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0

-100 | . . .
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B, @550

@
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20 15 <10 -5 0 5 10 15 20
Log PSFE(atm)

Si (c)

SiF, (g) SEN, ©

I~ SiF, (9) Si;N, (c)

C m

Si(9)

5 10 15 20
Log P, (atm)

» NF, is more capable of removing silicon via the formation of SiF,
« However, another significant reaction product from reaction with NF,
Is SizN,, which has to be removed and competes for fluorine
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A Strategy to Remove Si;N, by O, Addition

Formation of Si;N,(c) AG(eV)
Si(c) + %NFa(g) — %SiF4(g) + %SisN,(c) 8.6
Removal of Si;N,(c) by F AG(eV)
YsSiaN,(c) + 4F(g) — ¥3SiF,(9) + %:NF4(9) -10.2
: : AG
Removal of Si;N,(c) & SiO,(c) by NF; & O, V)
Removal of _ :
- VeSigN,(C)+7:04(2) —¥,Si0,(c)+%4N0,(0) 3.0
Si;N,4(C)
Removal of _ :
Si0,(c) 75810,(c)+74NF4(2)—7,SiF,4(9)+7/,NO,F(9)+",NOF;(g)+7;N,(9) -3.3
2
Total : :
enction | YSIsNa(C+760,(Q)+NFs—Y,SiF,(0)+/4NO,(g)+VNO,F(G)+/5NOFs()+V,N,(g) | (6.3

« From the analysis of AG, the non-volatile byproducts, Si;N,
could be removed by NF; - O, (as a mixture)
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Surface of Silicon (NF;/O,)

Si  Si0, Si:N,

Si subtrate

Gas phase

« The interaction of N/O/F need to be determined

Surface

« Since Si(c), SiO,(c) and Si;N,4(c) are non-volatile compounds,
they all need to be removed by the plasma
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NO,F(9)
NOF(g)

AG(eV) [19]
-0.69
-0.52

Gas Phase - O,/NF;

(o) vo,

From the FTIR of NF,/O, silicon
etching[17], NO,F(g), NOF(g) and NO(g)

can be found when the NF; with O, addition.
The following reactions have been proposed,

O(g) + NF,(g) — NOF(g) + (x-1)F(9)
20(g) + NF, (g) — NO,F(g) + (x-1)F(g)

absorption

2000

NOF )
SiFy

CF,4

NF:

1600

1400

1200 1000 800

wave number [cm'1]

| — with O2 addition

without O2 addition |

NF, with Oxygen-300K G(eV) | log(K) 150

A _|0(g) + NF3(g) — NOF(g) + 2F(g) -0.70 11.7
B_|0O(g) + NFy(g) — NOF(g) + F(g) -2.87 48.1 100 F
C_|0O(g) + NF(g) — NOF(g) -5.45 91.5 — -
D [20(q) + NFa(2) — NO,F() + 2F(Q) 326 548 E sop Significant
E_[20(g) + NFy(2) — NO5F(g) + F(g) 543 913 = increase in [F]
F120(g) + NF(g) — NOF(9) -8.01] 1346 2 Or

NF,-300K GeV) | log(K) . 50
G| NFs(g) — NF,(9) + F(9) 217  -36.4 E"’ I
H | NFx(g) — NF(g) + F(g) 258 -43.3 q2 0T
| | NF(g) — N(g) + F(g) 2.84 -47.7 = 50| NF,(0)

« With O, addition, [F] is increased and ~ ool )
nitrogen forms NOF(g) and NO,F(g) which 777 300 -200 -100 0 100 200 300

are stable volatile species. Log P (atm)
| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|
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Surface of SI;N,-O,-F & S10,-N,-F
SizN,-0,-F-300K N log(K) Si0,-N,-F-300K N log(K)
(eV) (eV)
1 | Si(c) + ¥%,0, (g) — SiO(g) 132 220 6 | ¥Si;N,(c) — SiN(g) + ¥%4N,(q) 576 -96.8
2 | Sio,(c) — SiO(g) + ¥,0, (q) 756 -1265 7 | SiO,(c) + %N, (g) — SiN(g) + 0,() 12.42 -208.6
3| ¥3SiN,0(c) — Si(e) + YN, (9) + %40, (9) 4.47 75.0 _ 8 | ¥Si,N,0(c) + %N, (g) — ¥4SigNy(©) + %0, (9)| 2.2 -113
4 | %Si,N,0(c) +¥0, (2) = SiO,(0) + %N, (9) | -441 740 9 | ¥Si,N,0(c) — SiN(g) + %0, (9) 8.0l -134.6
5 | ¥Si,N,0(c) + %0, (g) — SiO(g) + ¥%N, (q) 319 525 10 | SiO,(c) + %N, (g) — %Si,N,0(c) + %,0,(q) 441  -74.1
15 | SiO,(c) + 4F(g) — SiF,(g) + O, (g) -10.00  168.0 _17 | %,Si;N,O(c) +4F (g) — SiF(9) + ¥2N, (9) -14.41 2420
16 | SiO,(c) + 2F(g) — SiF,(q) + O, (q) 1.39 -23.0 18 | ¥%Si,N,0(c) + 2F (g) — SiF,(q) + ¥%,N, (q) -3.02  50.8
21 | YSi.N,(c) + %0, (g) — SiO(g) + %N,(g) 090 -15.0 19 | %SiN,(c)+ 4F(g) — SiF,(g) + %N, (q) -16.66  279.8
22 37.7 20 | %SigN,(c) + 2F(g) — SiF,(g) + %N, (9) 521 -88.5

Y3SigN,(c) + ¥,0, (g) — ¥5Si,N,0(c) + %N, (9) | -2.25

150 - —

100 - N

Si(c

o

S
%2}
'z
o
=

2
o

21

-100
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150 oI \Q
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100 - E s
- . "
ol Si0,(c) sE@ |
g - . .
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s _ E]|
5 50} )
a” ™7 - I8
o h
© -100} SiF() |-
- | [—P=076torr SiF (9

_150 |- —P;i7,6 mtorz8 IE
|| perex0"mon SiN(g)
-200 200 100 0 100 2

300 -200 -100 O 100 200 300
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« Si;N,(c) could be oxidized by O,(g) and then be removed by F
—> SI;N, spacer etch selectivity = tomorrow morning’s tutorial
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Summary of Pathway

Gas phase NFs o +2F  NFy g + 2F
NF, ——> NOF +F NF, ——> NO,F +F
NF NF
?%? SiOF,(g)/SiF,(q)
Surface N,/N
SiO,(c) > SiO,(c)
/ O/O
F,/F i
Si Z—> SiF,(g) S10:(C)
1\ SiF,(q)
_ € N,/N 14 <BZ/F FAF
Y, SisN,(c) 5> ¥ SiN,(c)
>/
SiO,(c)

« The addition of O, increase significantly the [F]
« The removal rate of SiO,(c) and Si;N,(c) by F are comparable
« NF; could replace the SF, with O, addition.
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Proposed TSV Experiments

Amount of F radical [This work]
=f(The amount of oxygen introduction)

Etch rate of poly-Si

150 600 — T
ivnifi NE . v P=600W
1001 §|gn|f|capt 9/ nef) so] B Petooow
’E\ INncrease In = O P=1400 W
= 50 | [F] £ 4004
<, E
= i NOF(g) - 3001
i"“ 50 NO,F(g) g 200
=2
L -100 - g 100+
o NF(9)
g -150+ 0 . . r T r
- 0 50 100 150 200 250 3
0L A - - ! NF3 Flow (sccm
-300 -200 -100 0 100 200 300 ( )

Log P_(atm)

The plasma condition of NF,/O, could
be comparable to what was used In

SF, chemistry (the pro
conditions are shown).

posed

=f(power, NF3 flow rate) [2]

Etch Rate (nm/min)

FiG. 2. Etch rates of poly-S1 vs NF; flow at varied microwave pi pig. 4.

Etch rate of Si
=f(O2/NF3) [2]
RF=1400W P=1mtorr

Etch rate of Si
=f(O2/NF3) [3]
RF=30W P=500mtorr
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Poly-5i etch rates vs O, content in a NF3 discharge. ©
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Magnetic Devices Materials

Memory overview [RENASES] Redeposition in high aspect ratio features
MemoryStructure 2005 2006 2007 2008 2009 2010 201 2012 N DM A5 [Reza Abdolvand, 2008]
Floating IEDHHE (150nm) —[_
Gate (HND) o] :hm-:ptll;rmrmnsurtr_]ptmnp
Type z ow-voltage operation
¥ (page) {130nm) e
EWGMHE (150nm) I
- Large capacity, \\3
MONOS Type g1 00MHz |(90nm) higher speed -
] 1 //
Sample shipments in - ll ~100nm
May 20{:-?' ! amﬂhﬂHz (B5nm)
100MHz MRAM using a 130nm .
process was announced at IEDM 2004 Higher speed, .
MRAM Features unified memaory /2 ..... RO
[R/W Frequency] @ Supports 100MHz access L// ; x um
B Feadwrile al same rals EEDGMHZ {BSnm)
@ Unlimited rewriting
! Max. read Sidewall
fradq. ..
; _ =T Re-deposition
HHD : Hyper New DINOR, MONDS : Matal Dxide Nitride Oxida Silicon, MEAM : Magnatic RAM ES we 0 T BRI L

Aspect Ratio ~40

«  MRAM can be the solution to the memory bottle neck
«  MRAM patterning is challenging due to the materials of choice
and the high aspect ratio of cells
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Potential Target Material in MRAM

Material | Chemistry Reference
Ni CO/NH, Matsui, 2002
Buffer Fe Ar/O, Cardoso, 2001
""" - CH,OH Kinoshita, 2010
n
StDrEgE |E}"EF NiFe / Co Ar Braganca, 2009
— Ar Okamura, 2005
MgQ barrier tore MgO CH,OH/A Kim, 2012
> r im,
.‘l.‘rr._r g 3
: - : .“— gRu —| RU CF,/0, Yen, 2006
Reference layer { — cofe al orsson, 2
— | PtMn CH,OH Otani, 2007
. Pthn \ PtMn Cl, Kumagai, 2004
Mn BCI,/Ar Hong, 1999
Lol SF¢/Ar Hong, 1998

Problem of etch resistance compounded by need for selectivity in increasingly

complex stacks

For a systematic approach, the work starts with simple metals (Fe, Co, Ni)
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Systematic Approach - Thermodynamics

« Thermodynamic approach can be systematic

- If such data iIs 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
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The Need for Thermodynamic Data

If thermodynamic parameter is not available,
DFT calculation

Simulation program : Gaussian
Examples for DFT calculation
AH; and AH,,, could be calculated

However, Gaussian is not good for calculating a large system with many metal
atoms, so MD calculation is needed for accuracy

MD calculation

Simulation program : DLPOLY

System for simulation :

ML,, ML, (M=Co, Ni, Fe), L: organic ligand. (a system comprised of 125
metal atoms)

AH,,, could be calculated

vap
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Volatility Diagram: M-Cl,

Ni

100 _ 100 _ 100 _
Operating pressure lOperating pressure lOperating pressure
80 80 -
60 =3 60
:“U/q 40 \‘E_q g 40
S 20 %> . 20}
LL’m o U.m Q O L
5 ® 2 © = ] JO!
Ij:, -40 Lo{ . D_Z -40 ://
ot 60 mFe(©) QS 60 coo 2 60} NI
8) 0l Fe(g) 8’ -80 : Co(g) | 8ol Ni(g)
- 100.|.|.|..|.|.|.|.|. _|_100.|.|.|..|.|.|.|.|. _loo.l.l.l..l.l.l.l.l.
-50 -40 -30 -20 -10 O 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 O 10 20 30 40 50
Log P, (atm) Log P, (atm) Log P, (atm)
Reation AG(kJ/mol) Fe Co Ni
1IM(c) — M (g) 369.8 382.1 384.7
2IM + 1/2Cl,(g) — MCI(g) 215.6 161.9 149.1
3M + Cl.(g) — MCI, (g) -155.6 -107.2 -86.2
4M + 3/2Cl.(g) — MCI, (q) -247.8]  -154.5 X
5/M + 2Cl.(g) — M., CI, (g) -420.5 -334.0 X
x=unstable product

« \olatility of chlorinated products: FeCl,>NiCl,>CoCl,

| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|
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Log PFe(CO)S(g)(atm)

Volatility Diagram: Metal-(CO) Complex

Fe Co Ni
100 _ 100 _ 100 _
Operating pressure lOperating pressure Operating pressure
80 | 80 | 80 |
60 - Fe(c) /E\ 60 L Co(c) 60 I
40 i FE(CO)S(Q) E 40 -_ CO(COL(Q) ’é\ 40 B
20} = 20} 8 20}
o r —
L =1 L = L
0 5 ) = 0
20+ S 20t S -2+
6 L =2
-40 + o 40t O 40t
S - o
60 | ol -60f Co© S 0t
-80 F S -80f Co(CO),() -80 b
/ 3 ol
100 " 1 " 1 " " " 1 " 1 " 1 1 " 1 " 100 " 1 " 1 " 1 " " 1 " 1 " " 1 " 1 " 100 " 1 " 1 1 1 " " 1 " 1 " 1 " 1 " 1 "
-50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50
Log PCO’COZ(atm) Log Pcolcoz(atm) Log PCO’COZ(atm)
Reation AG(kJ/mol) Fe Co Ni
1IM(c) + xCO(g) — M (CQO),(q) -3.4 13.6 -38.7
2IM(c) + xCO,(g) — M (CO),(q) + yO, (9) 1282.7 1042.5 990.2
Fe, Ni: x=5, y=2.5; Co: x=4, y=2

« Volatility of M-(CO), complexes: Ni(CO).>Fe(CO):.>Co(CO),
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Fe, Co, NI Etch Rate In CO/NH§

Etch rate

nn) NiFeCo NiFe CoFe CoFe B P(c>\>/vv;a " Pressure (mtorr) Ref
Etchant |
CL/Ar >100 700 2 [r]
BI,/Ar 50 700 2 [
ICI/Ar 50 700 2 [r]
IBr/Ar 50 700 2 [r]
CO(12%)/NH, 48 50 700 2 [r]
NH;(100%) 22 20 700 2 [r]
BBr,/Ar 20 700 2 [r]
CH,(7%)/H,(27%)/Ar <10 700 2 [r]
SF¢/Ar <10 700 2 [
CO(100%) -6(dep.) -8(dep) 700 2 ]
CO(50%)/NH, 125 70 280 26 [s]
CO(50%)/NH, 90 300 6 [t]
NH.(100%) 70 300 6_[t]
CO(33%)/NH, 12 700 5 [u]
NH,(100%) 4 700 S5 [u]l
Cl,(66%)/Ar(33%) 560 150 1.5 [v]
Ar(100%) 280 150 1.5 [v]
Cl,(66%)/H,(33%) 200 150 15 [v]
CH,(7%)/H,(27%)/Ar 80 150 15 [v]
Ar(100%) 43 800 5 [w]
CH,0H(20%)/Ar 15 800 5 [w]

 The etch rate: Halogen/Ar > CO/NH; > NH,; > CO

Ir1 S.J. Pearton. Mat. Res. Soc. Svmp. Proc. 2000: [s1 H. Kubota. J. Maan. Maan. Mater.. 2004: [t] N. Matsui. J Vacuum. 2002: Tul J. Park. J. Electrochem. Soc. . 2011
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CO/NH,; Plasma Species!*!

Table 1. The main products in . T Y / , 30% CO Plasma
e B oo i) o  26%COPlasma
CO/NH; Plasma Mass spec. T . oo
;M N T Y ) 14% CO Plasma
a il ' ik V AR ‘ . / i o 12% CO Plasma
m/z species T ! ﬁ S 10% CO Plasma |
. 3 A ; 6% CO Plasma = |
45 HCONH, (Formamide) g s e wicoPm,
(3 ,,,,, L } , . 7 30% CO Flow
52 (NH3)3H+ H p ) 26% CO Flow |
A A — A : \ . 20%COFlow |
sz | (W00 gl —— -
Ve | Al N . 10% CO Flow
69 (NH3)4H+ s i h ﬁ 7 _ - ] . 6% CO Flow |
+ et ol A , L aalla o) /0% CO Flow ]
80 (HCONHz)(NH3)2H 40 50 60 70 80 92 100 110 120 130 140 150 160

« The mass spectrometry of CO/NH; has been studied, the main species
generated in the plasma are listed in the table. [

 It’s difficult to confirm the formation of metal complexes such as the low flux
of products off of the metal surface and cracking during the ionization.
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AH of M-CH;NO Complexes

Method: DFT(B3LYP) T=298.15K

Basis set:6-311G+ P=1atm
AH(kJ/mol) [MCH,NO] [MCH,NO] [MCH,NO] [MCH,NO]
Fe -76.2 X X X
Co X 240.4 240.8 228.7
Ni -76.8 X -71.4 -77.9

x=unstable product

the structure of Ca-formamide complex has been simulated by Gaussian
\olatility of complexes: Fe-CH;NO ~ Ni-CH3;NO > Co-CH;NO

h

e
9

R

*Although the Fe, Co, Ni-formamide complexes are not available in the literature,
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Fe-formamide complex

Log P

NO Complex

Volatility Diagram: M-CH;

- \olatility of complexes: Fe-CH;NO>Ni-CH;NO>Co-CH;NO
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NIST-JANAF Thermo-chemical tables, 2012
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-50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50
LOg I:)formamide(atm) LOg I:)formamide(atm) LOg F)formamide(atm)
Reation AG(kJ/mol) Fe Co Ni
1 |M(c) — M(g) 369.8 382.1 384.7
L
2 [CH,NO(g) +M(g)— ¢ -268.4 -23.7 -283.3
%
4 CHNO(g) +M(@)— % X 56.3 X
+@ [+ ]
5 |CH,NO(g) +M(g)— .*¢ X 40.4 -2725
e,
6 [CH,NO(Q) +M(g)—> < X 40.9 -280.6




Other Potential Chemistries

F Y
M CH
{ )

Cl;

Acetylacetonate
(ACAC)

J )\
M CH
\\ ’;

Atomic

L Layer

Etching

C(CH3)y
= n

2,2,6,6-tetra-methyl-

3,5-heptaned

ionate (TMHD)

Product MP BP

CoCl, 737 1049

CoCO;, 280*

Co,(CO)q 51*

Co,(CO),, 60*

Co(acac), 170 181 (exp~200)
Co(acac), 211 170 (exp~190)
Co(tmhd), 254 171 (exp~192)
Co(tmhd), 143 161 (exp~179)
FeCl, 308 ~316
Fe(CsHs), 1725 | 249

Fe(CO); -20.5 | 103

Fe,(CO), 100*

Fe(acac), 184 161 (exp~182)
Fe(tmhd), 164 150 (exp~177)
NiCl, 1031 | 985 (subl)
Ni(CO), -19 42 (exp~60)

« “Reverse engineering” of ALD points to organometallic

chemistry as a viable alternative to halogens

| SRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing|
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Summary of Fe, Co, NI Etching

Fe complex has higher volatility compare to Co and Ni

Some of the complex products are stable which implies potential etch
product in CO/NH, plasma treatment

The existence of metal-formamide complexes have been confirmed, the
reactions between the metal cluster and formamide need to be calculated by
MD simulation

Table 1. The main products in

m/z  species

45
52
62
69
80

HCONH, (Formamide)

(HCONH,)(NH)H*

(NHg),H
(HCONH,)(NH,),H*

» - ]
. LN
CO/NH, Plasma Mass spec. &Formamldef{ j(;\ i
s \a /w
o
‘e

Metal substrate
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Future Plans

Next Year Plans

« Ildentify potential low impact gases in target applications
» Perform thermodynamic calculations to assess potential impact

and projected effectiveness
« Implement target chemistries and carry out plasma etching

assessment

Long-Term Plans

« Formulate the models to predict emission from plasma processes
 Assess the effectiveness of the plasma chemistries compared to

that of the PFC gases
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Publications, Presentations, and
Recognitions/Awards

Presentation:
» Presentation in Gordon Research Conference(GRC), July 2012
 Invited talk to AVS International Symposium, October 2012

« Contributed talk at AVS International Symposium, October 2012
(N. Marchack, J. Chen and J. P. Chang, “Predictions of the Etch Behavior of Complex Oxide
Films for High-k and Multiferroic Applications™)

» Contributed talk at AIChE Annual Meeting, October 2012
(N. Marchack, J. Chen and J. P. Chang, “Predictions of the Etch Behavior of Complex Oxide
Films for High-k and Multiferroic Applications)

Publication:
* Deliverable Report, P065582, “Non-PFC Plasma Chemistries for
Patterning Complex Materials and Structures”, January 2013
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Industrial Interactions and
Technology Transfer

« SRC Industrial Liaison, Satyarth Suri at Intel, April 2012

« ERC Webinar, June 2012

 Student presented research at AVS and AIChE meetings, 2012

« Conference call with Intel, September 2012 (Satyarth Suri, Bob Turkot)
» Conference call with Intel, November 30, 2012, (Satyarth Suri)

« Conference call with Intel, January 10, 2013, (Satyarth Suri)

« Conference call with Intel, February 21, 2013, (Satyarth Suri)

» Conference call with Intel, March 14, 2013, (Satyarth Suri)

—> After studying the TSV by detailed thermodynamic analysis,
the following research is kinetic measurements.

- Complex oxides? Magnetic materials? Noble metals?
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