Patternable llow=x Dielectrics
Developed UsingrSupercritical CO,

1999 SRC/SSA SEMATECH Excellence Award for Research in

Manufacturing and Environment, Safety and Health
Award Presentation, 26t April 2000

by

Hilton G. Pryce Lewis Gina Weibel
Karen K. Gleason Christopher K. Ober



1999 Lithography Roadmap

CORNE

5

U N

v

1 T

Technology node (um)

Y

First Year of IC Production 1999l 2002 2005 2008 2011 2014
1 \ 1 1 1

Resist Technology
Potential Solutions:

O Environmentally benign
materials and processes
(high volume)

High performance
alternate chemistries
(non-chemically amplified)

DRAM Half Pitch

/ (Dense Lines)

Narrow
Options -

I Rescarch Required [——1 pevelopment Underway [—1 qualification/Pre-Production

NSF/SRC ERC for Environmentally Benign Semiconductor Manufacturing

Hes
=

MIT

6661 VIS ‘s101o0npuodiwas 104 dewipeoy Abojouysa [euoileN oy wody paidepe



Challenges in Resist Technology
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from Bloomstein, et al, /VST B16(6),1998, pp. 3154-3157

O Existing resists inadequate at 157-nm

O “Alternative resist strategies will be
based on either fluorinated polymers
or organosilicon materials.”

Next-Generation Lithography (NGL)

O New chemistries required

Development

QO Aqueous base compatible with new
chemistries?

ESH impact of new
processes
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Challenges in Interconnect Technology

Reducing dielectric constant, ? |

Near Term

TECHNOLOGY NODE 180 nm 130 nm 100 nm

Interlevel metal insulator | 3.5—4.0 | 35—4.0 (| 27-35 | 27-35 | 2227 | 2227 |m‘
I |

—effective dielectric constant (k) | | | |

YEAR 1999 2000 2001 2002 2003 2004 J 2005 ‘

Si()2 SiOCH, FSGs, amorphous FC & HFC...
Long Term
YEAR 2008 2011 2014
TECHNOLOGY NODE 70 nm 50 nm 35 nm
Interlevel metal insulator—effective dielectric constant (k) | 1.5 <1.5 <1.5 |

porous films, air gaps...

Solutions Exist [___]
Solutions Being Pursued [____]
No Known Solutions | R
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Low-? Strategy

small atomic radius
high electronegativity
low polarizability

(CF,CF,),

(Endo, NEC)

(Theil, HP)

% porosity

to reach ? ~ 2 (Mountsier, Novellus

SiO, 55 - 65
RIS, (Grill B
hydrocarbon polymer 40 - 50
G —— (Akahori, TEL)

fluorocarbon polymer 0
(RosenmayernEum
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Exploiting these Issues: A New Strategy

Lithography Interconnect

> fluorinate
> porous fil
» air gaps.

impact of
vV processes.

O Must be co

Directly Patternable
Low-x Dielectric

Developed using...?
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Goal: Simplified Lithographic Processing

conventional “all-dry’,
lithography : resistless

lithography

—

. Dielectric deposition _
T
AN

dielectric layer

. Selective irradiation N 2. Selective irradiation

4. Development in
aqueous base

h
- Dielectric patterning -—-

N

w

3. Development in N
R superditical €O,

5 4
wet chemistry
_ _ eliminated
6. Imaging layer strip m
simplify reduce ESH
processing impact
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How Do We Choose Candidate Materials?

CVD technology
type of and HOT
film FILAMENT
Criterion Value
Organosilicon . :
. _SiMe.-O-SiM low dielectric Q lower RC delay
L PlVie-L-olivie,- constant, O less cross-talk
noise
and transparent O shorter A for
at 157-nm lithography
Fluorocarbon sensitive to O next-generation
-CF.-CF.- e-beam exposure lithography
2 2~
soluble in O higher resolution
supercritical CO, O ESH-benign
development

Ilq +ESH
responsibility
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ESH Responsibility in Design of CVD Process

2
Select CVD process: n . Select precursors with:

o plasma CvVD
o hot-filament CVD.

0 low global warming potential
0 low ozone depleting potential
0 low safety and health hazard.

[FIrliR

— ezl
LiL,
exhaust

Analyze composition
Reduce extent of unwanted of reactor effluent using
precursor fragmentation gas phase FTIR.

which may lead to

undesirable byproducts.

m——

HOT N,
FILAMENT diluent
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Hot-Filament CVD of Fluorocarbons (FC)

n Choice of Process Choice of Precursor
HFPO CF, GF CF,

(hexafluropropylene oxide) (o)

precursor feed

0 short atmospheric lifetime
(cf. CF, ~50,000 yrs.)
o low GWP

Effluent analysis

Hot-Filament

2000

ires at Pulsed-Plasma
00°C

0.06 ¢ 1500k

1000

concentration (ppm)

substrate effluent

i soof
at 25°C  water-cooled i

MMTCE (x 10%

stage i
0
vacuum HFPO HFPO  TFE  TFAcF
Ch am be r effluent species effluent species
10/50 10/100 10/400 before during
deposition pulse rate (ms on-/off-time) deposition deposition

HFPO Plasma

(Labelle et al, JVST A, 17(6), pp. 3419-3428, 1999)
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Molecular Tailoring of Film Structure

Minimize unwanted reactive species

10/50 HFPO 10/400 HFPO HFPO Bulk
Pulsed-Plasma Pulsed-Plasma Hot-Filament PTFE

Higher CF, concentration and more C

More PTFE-like composition an

3 o,
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ESH Benefits of Supercritical CO,

Traditional: Spin-coating Resist s |nnovative: CVD Resist

*Excessive polymer & solvent use «Little effluent
*Exposure to solvents/ vapors «Controllable disposal

Traditional: Aqueous Development "= |nnovative: CO2 Development

*Solvent and water consumption/ waste *Reduced waste
*Exposure to solvents/ vapors *Increased safety
Reduced Waste Increased Safety
*Recyclable effluent *No solvent exposure
*No aqueous waste *Non-flammable
No organic solvents Non-toxic

*CO, extracted from waste stream
or from atmospheric sources
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Supercritical CO, as a Developer

PRESSURE BAR

VAPOR SUPE:LCUITII;I'ICAL
P=01MPa | P, 4P,
T=15°C T, T,
Density | 0006-0.002 |02-05]| 04-09
(glcm?)
Viscosity 10 - 30 10-30 | 30-90
(uPa's)
Phase diagram of CO,. Constant density lines (g/) Di(‘z%szj‘s’;ty 0.1-04 0.7-10% | 0.2:103
 High and variable  Low viscosity: comparable to
density gas
= Dissolution selectivity = No surface tension
can be manipulated = Pattern collapse of features
e Digital control of avoidable
temperature and  Higher diffusion coefficient
pressure than liquid
= Tunable solvating power = Accurate and rapid development
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Supercritical CO, as a Developer: Pattern Limits

* Low Viscosity of SCF CO, allows for drying features without pattern
collapse

e Studies underway to examine limits to SCF CO, as developer. E-
beam at Cornell; Negative tone processing of THPMA-F7MA

GHs GHs hv 4(7 C|2H3; AQ THs ;
—<—CH2—C~>a—b 4<70H2 ‘>— ﬁ CH,™ G753 b —xTCH—¢C b
—0 =0
PAG H*

| |
o 0 OH o
i) * ?
’ |
|
Non-polar Polar
SOLUBLE in CO, INSOLUBLE in CO,

*High aspect ratio (>5)
lines and spaces

*Forces during drying
cause breaking of

‘8\1
Si wafer features: Pattern
Collapse
Si wafer

*Aqueous developer
surface tension
creates lateral forces

surface tension
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NTT Process - Avoiding Pattern Collapse

» Use CO, to replace water or polar solvents

« Reduce/ eliminate capillary forces that lead to pattern collapse
« Combinations of N, and CO, used in successful processing
 Remarkably fine features possible

@ Resist patterns ‘
—» X
SCCO, )
X X 4
1
Chamber
VZAANN Developer Rinse Solution

250( Developer/

Wafdr Rinse liquid
23°C

Temperature Controller
Pressure Control Valve

500 nm
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E-Beam Patterning & Development of FC Films |

Q deposition of hot- Q e-beam Q development in
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E-Beam Patterning & Development of FC Films Il

Atomic Force Micrographs
Sample 8 post-development, 6000 uC

: Y *High selectivity (450 nm)
: Complete development
- 1 um lines

b PN,V

*Positive-tone developing

& | _|IZI 2.IIJIZI 4.IIZIIZI B.IIJEI 8.IIZIIZI

1.0 u Lines/ spaces Cross section
*Possible charging of film
«0.25 um lines
7 MWWWW *AFM tip profile interference
, *Positive-tone developing
’ 9 25 slo 25 100 125

0.25 u Lines/ spaces Cross section %%

CORNELL NSF/SRC ERC for Environmentally Benign Semiconductor Manufacturing MIT




Summary

e Demonstrated patternable hot-filament CVD fluorocarbon films.

e Film composition can be tailored.
e E-beam used to effect solubility change.

e Successfully developed CVD polymer with supercritical CO.,.
® Density/solvating power of CO, can be controlled.
® Promise of ESH benefits for semiconductor processing.

Future Work

I
e Determine detailed mechanism(s) of irradiation chemistry.

® |mprove sensitivity and resolution in patterning.
® |ncorporate irradiation-sensitive moieties.
e Demonstrate patterning using 157-nm photolithography.

e Optimize supercritical CO, development.
® |nvestigate dissolution mechanisms in supercritical CO,.
e Establish resolution limits of CO, development.
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