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Objectives

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

» Formulate volatility diagrams for selected materials
(N1/Co/Fe) based on thermodynamic analysis

 Validate the theoretical assessment by performing etching
experiments of these materials in Cl,/BCI; chemistry using
an ICP reactor with in-situ diagnostics (e.g. QMS, XPS)
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ESH Metrics and Impact

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

2. Reduction in emission of PFC gases to environment

3. Reduction in the use of chemicals by tailoring the
chemistries to the specific materials to be removed

= It is recognized that these are not yet quantitative, but as the
project evolves, more quantitative measures will be provided
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Challenges and Method of Approach

Intrinsic Material Properties Structural Complexity

Less- or non-volatile etch products High aspect ratios, multiple layers
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« Hard-to-etch materials, complex 3-D structures and atomic
scale control pose major challenges to top-down patterning
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Approach for Etch-Resistant Materials

« Use more aggressive etch chemistries such as PFC
- Fluorine is the most electro-negative element
- Carbon reaction products (CO and CO,) are volatile
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» Change processing approach to not etch these materials
- Damascene processtt! for Cu
- Area selective atomic layer deposition
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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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A Case Study (Cu-Cl)

No. Reaction -
1 Cu(c) + 1/2CL(g) = CuCl(c) > FERus -
2 CuCl(c) + 1/2CL(g) = CuCL(c) o
3 Cu(c) = Cu(g) )
4 CuCl(c) = Cu(g) + 12CL(g) 3
5 CuCl(c) = Cu(g) + Cl(g) 3
6 Cu(c) + 12CL(g) = CuCl(g) o
7 CuCl(c) = CuCl(g) o
8 CuCl(c) = CuCl(g) + 1/2CL(g) ]
9 Cu(c) + ClL(g) = CuCl,(g) Q?

10 CuCl(c) + 1/2CL(g) = Cuc12(g) (S

0_8
g
14 3CuCL(c) = Cu3Cl3(g) + 3/2CL(g)

» Target the volatile species
« Control pressure, temperature and gas composition
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A Case Study (Cu-Cl-H)
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Experimentally verified by Hess in 2007/2011

 Addition of reactive chemistry (H,/H) changed the
reaction kinetics and resulted in higher etch rates
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Potential Target Material Systems

—| PtMn

Material | Chemistry Reference
Ni CO/NH;, Matsui, 2002
Fe Ar/O, Cardoso, 2001
CH,OH Kinoshita, 2010
Co Ar Braganca, 2009
Ar Okamura, 2005
MgO CH,OH/Ar Kim, 2012
Ru CF,/O, Yen, 2006
Ar Persson, 2011
CH,OH Otani, 2007
PtMn Cl, Kumagai, 2004
Mn BCI,/Ar Hong, 1999
SF¢/Ar Hong, 1998

* Problem of etch resistance compounded by need for
selectivity in increasingly complex stacks, e.g. MTJs.

ISRC/SEMATECH Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |




General Thermodynamic Approach

Buffer

Storage layer

.....

MgO barrier P

Reference layer

—s CoFe

PtMn
Buffer
1 Ni(c) — Ni(g) 430.1 3847 -67.4
2 Ni(c)+ 1/2Cl(g) — NiCl(g) ~ 182.0 1491  -26.1
3 NiCly(c) — NiCl(g)+ 1/2Cl,(g) 486.9 407.8 -71.4
4 NiCly(c) — Ni(g)+ Cly(g) 735.0 6435 -112.7
5 Ni(c)+ Cly(g) — NiCly(c) -304.9 -258.8 453
6 NiCly(c) — NiCly(g) 231.0 1725  -30.2
7 Ni(c)+ Cly(g) — NiCly(g) 739 -862  15.1

Volatility Diagram for Ni-Cl system at T=298.15K
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Handbook of Chemistry and Physics, 85th ed., edited by D. R. Lide (CRC, Boca Raton, FL, 2004).
NIST-JANAF Thermochemical Tables, 4th ed., M. W. Chase, Jr., Editor, American Chemical Society
and the American Institute of Physics 1999.

 Volatility diagram constructed for Ni system as test case
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Comparison of Fe/Co/Ni at 298K
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« Fe can be etched easier in Cl, than Ni or Co
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Etching of Ni in BCI,
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« Niwas etched in BCl; and Ni-Cl bonds were observed
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Non-Halogen Based Chemistries

Product MP BP
% CoCl, 737 | 1049
C?,ﬁi ?? 0 @;0% 7 CoCO;, 280*
© - Co,(CO), 51*
‘fﬁi ??? ® a Atomic Ccoy, o
P @(9 - Layer
| = Etching FeCl, 308 | ~316
> | | Fe(CsHs), 172.5 | 249
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O Ni, O, 1990
. NiSO 100 | 840
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« “Reverse engineering” of ALD points to organometallic
chemistry as a viable alternative to halogens

ISRC/SEMATECH Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |




Etching of Ni by Cl, and CO

AH°(kJ/Imol) AGe(kJ/mol)

COCly(g) -219.1 -204.9
NiCl,(c) -305.3 -259
Ni(CO).(09) -602 -587.2
o log(K)=
AG® AGORT
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(7) Ni(c)+ Clx(g) — NiClx(g) -86.2 15.1
@®) 2NiCly(c)+9CO(g) —
2Ni(CO)4(g)+COCly(g)+Cla(q) 1262  -21.97
(9) NiCly(c)+4CO(g) — Ni(CO)4(g)+Cly(g) 2323  -40.4
(10) Ni(c)+ 4CO(g) — Ni(CO)4(9) 384  6.69

120

-120

- Nie) () |
8 NiCly(c)
%,
‘-\\;/0\\\\@[
NS \\J
d‘~:\ \s\
~\\90 ~\~ \\
?‘\1\ \:“~::
R
—10'3 \:“~~ \\‘ S :~~; __________________________
"\\\ \\\\ N~\~\~~~\\\~~~N\ (6)
_10-10“s~ - \\\\ D A e e L e T
N\ L
~ N\N ] N
Peo(10atm)” >~y N N\t L9v
-NI(CO)4( J NNNNN
s 0*10
(1) Ni(CO)a(0) (7 N
i 4 0-2
| NiCh(9) g
1 1 N

-160 -120 -80 -40 O 40

Log P, (atm)

« Metastable lines show potential for increased removal of Ni

through formation of Ni(CO),
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Industrial Interactions and
Technology Transfer

 Video conference to Intel, January 31, 2012 (Karson Knutson,

Doosik Kim)

» Conference call with Novellus, March 2012 (Ron Powell, Roey
Shaviv, Juwen Gao)

« Student interview at IBM, February 29, 2012

 Student interview with Intel, March 2012

- Need to define a priority list of material systems to be
studied by detailed thermodynamic analysis followed by
Kinetic measurements

- Complex oxides? Magnetic materials? Noble metals?
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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

 Invited talk to AVS International Symposium, October 2012
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