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Making the Pattern
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International Technology Roadmap for Semiconductors

ML2

EUV, EPL
ped  ML2, imprint lithography
Innovative technology

Innovative technology

16 ML2, EUV + RET

2004 2007 2010 2013 2016 2019
2003 | 2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 |
Technology Node hp9o hp65 hp45 hp32 hp22 hp16
[*0] 193 nm + RET
» 193 nm + RET + litho-friendly designs
i 65 157 nm + RET + litho-friendly designs Narrow
'8 193 nm immersion lithography options
2 EREREE DRAM Half-pitch
3 .
- . (dense lines)
g c 157 nm + RET + litho-friendly designs
< = Immersion 193 nm lithography + RET + litho-friendly
]
8 JER: 5] | designs :Iatrig:lv;
& EPL, PEL b
T - ML2
w ©
st [ | |
gs HEE
=1
& EUV
= QQ: 157 nm immersion + RET + litho-friendly designs Narrow
o) — EPL, imprint lithography options
[e]
o
<
et
[&]
(0]
'_

Narrow
options

Narrow
options

I Rescarch Required [ Development Underway

[ Qualification/Pre-Production

pr 222227 Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.




Performance Issues for NGL
Lithography

» Possible increased role of fluoropolymers
— Transparency at 193 nm and 157 nm
— Effect of aqueous developers on pattern collapse

— Pattern profiles demand low viscosity, low surface
energy developer

* Non-polar resists for EUV lithography
* High resolution development

 Environmental 1ssues
— Release of TMAH

— Water reuse
— PAG use




Supercritical CO, as a Developer

GAS Supercritical Fluid
P=0.1 MPa| Tc, Pc Tc, 4Pc
T=15°C
Density 0.0006 - |[0.2- 0.4-
p (g/cm?) [0.002 0.5 0.9
Viscosity |10-30 10-30 30-90
uPa-s
‘ .. | | Diffusion [0.1- 0.7x10°  [0.2x10°7
Phase diagram of CO.. Constant density lines (g/l) CmZ/S 04
High and variable density Low viscosity: comparable to gas
» Dissolution selectivity can be * No surface tension
manipulated « Pattern collapse of features
avoidable

* Tunable solvating power
Higher diffusion coefficient
than liquid

» Accurate and rapid development .
CORNELL




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
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150 Developer/
Wafer Rinse liquid
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Temperature Controller
Pressure Control Valve

500 nm

H. Namatsu et al., NTT Basic Research Laboratories, Kanagawa, Japan .
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Photoresist Development

Traditional Development

uumuu Expose

Resist-coated
Silicon Wafer
with DUV

1 light or e-
beam

‘ Develop with
1 Solvent

Supercritical CO, Development

Use Supercritical CO, as a
development solvent!
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Questions about scCO, in
Lithography
Where can 1t be used?

Process time - how does pressurization impact
cycle time?

Costs - are they comparable to solvent/water
process costs?

Recycling vs disposal?

Is 1t really an ESH improvement?
— Cosolvents

Positive tone vs. negative tone?

New “disruptive” ideas?




Patterning Fluoropolymers in SCF CO,
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£ - [ ] soluble in supercritical CO 2 [ insoluble in supercritical CO 2
2 . ot
0.2 S ‘o.o
o’ °® Polymer Vol. fraction (%) of | Pressure Temperature
0 ¢oe’e o o ccccocoeemm | fluorocomponent (psi) (OC)
1 10 100 | THPMA-b-F3MA 22 Insoluble at conditions tried
Dose (mJ/cm?)
Thickness ~ 2700 A THPMA-b-F3MA 32 Insoluble at conditions tried
EZI((; auiyl {‘i;‘omum THPMA-b-F3MA 46 Insoluble at conditions tried
~ 1 Wt 70
Post-apply bake - THPMA-b-F3MA 51 4500 45
120C/60s
Post_Exposure bake - THPMA-b-F3MA 56 6500 65
120C/60s
Develop in SCF CO, THPMA-b-F3MA 62 2800 45

at 45C, 4500 psi

N. Sundararajan, S. Yang, J. Wang, K. Ogino, S. Valiyaveettil, C. K. Ober, S. K. Obendorf and R. D. Allen, “Supercritical
CO, Processing for Sub-micron Imaging of Fluoropolymers”, Chem. Mater., 2000, 12, 41-48.

CORNELL




Supercritical CO, Developable Photoresist
* Imaging Mechanism: negative-tone image

. ChH, CH; _ . ?Hg, . CH; _
~1CHy C CHy-C— - CH,—C CH,—C—1—
' l hv l l
c=o0 c=o0 c=o0 c=o0
| | PAG  H' | |
£ (9] Jdm | IQ an L OH . ..1m. ] ? dn
CH2 CHZ
0 | |
C F,);F € F2)7F
Soluble in Supercritical CO, Insoluble in Supercritical CO,

* Resist preparation and SC CO, development at Cornell
* 193 nm Exposure at IBM Almaden




Measurement of Film Dissolution
_ Principles of Interferometry

Basic Interferometry Pattern for DRM
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Intensity (volts)
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Time (sec)

Thickness period

d = Assumptions:
p 22 2 2 *Non-swellin
2|112—n1 sin 011 cums _
*One optically distinct moving boundary
*F1lm dissolves at constant rate

scCO, development

* Swelling is expected

* Fluid equilibration, swelling, and dissolution occur simultaneously
* Density and refractive index of solvent vary with P, T

* 7/8” thick quartz glass window




Dissolution Studies with SCFCO,

Experimental Setu
( P p) Incident Light

A | A1 | a4

Photoresist ~
Substrate—"

Photodetector

Intensity (Arb. Units)

Time (seconds)

1. Incoming CO, liquid
5. Metering valve

Co, XX
1500 psi & trapping vessel

2. Fluid pump [ )| (S
B specimen vessel

Air ><

%%; 3. Digital Temperature and Pressure Control

MIT Pham, Rao, Ober, J. Supercritical Fluids, (2004) in press.




Random Copolymer Dissolution Selectivity
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* Time varying rates * Very slow rate of dissolution
*Complete development of film * Incomplete development
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Dissolution Rate, Completeness

Dissolution Rate vs. Pressure Dissolution Rate vs. Thickness
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Thickness (microns)
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0 100 200 300 400 500 600 700 800 900 Victor Q. Pham, Nagesh Rao, Christopher K. Ober, “Swelling and
: dissolution rate measurements of polymer thin films in supercritical
Time (seconds) carbon dioxide”, J. Supercritical Fluids, in press.

- DRM can also be used for cloud-point detection in solubility studies
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Developing/ Drying Combined

« Use CO, to replace water or polar solvents
» Reduce/ eliminate capillary forces that lead to pattern collapse
* Projected improvement for developing fine features

.2 um lines and spaces .15 um lines and spaces .1 um lines and spaces

SEM images of THPMA-F7MA polymer patterned with E-Beam.
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DESIRE for Positive-tone CO, Development

mm Insoluble in CO,

Soluble in CO,
hv (1)
H+ HMDS @)
THPMA-b-FTMA Achir;ic?} l 5cCO, A h\/l Flood expose
mplification
Negative tone L 3)
Victor Q. Pham, Robert J. Ferris, Alyssandrea Hamad, l SCCO,

Christopher K. Ober, “Positive-tone photoresist process
for supercritical carbon dioxide development”, Chem.

Mater., 2003 ;15 (26); 4893-4895. “
CORNELL
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Absorbance (a.u.)

4

Silylated Positive-tone scCO,
Developed Resist

' 3000 ' 2000
Wavenumber

193nm exposure  Ebeam exposure Negative-tone features ~100nm
——— 1 Can we achieve positive-tone for
block copolymers?

Sundararajan,
Ph.D.

MIT




NGL EUV Resists with scCO,

Poly(trimethylsilylstyrene-co-chloromethylstyrene)
* Negative tone EUV resist
Insoluble i itical CO T CHa CHpano{ CHyr Gl Y
nsoluble in pure supercritica 5 m=90,n=10
* Soluble in scCO, when cosolvents
are added to supercritical fluid.
H3C—S|i—CH3 CH,CI

P = 5000 psi, T =45 °C, t = 10 mins

SCCO2/ EUV RESIST / ORGANIC SOLVENT

Organic Solvent Amount Added | Effect
Tetrahydrofuran (THF) (10 min) 2 vol% Film removed
Tetrahydrofuran (THF) (5 min) 2 vol% Film removed
Tetrahydrofuran (THF) (1 min) 2 vol% Film removed
Isopropanol (IPA) (10 min) 6 vol% Film removed
Isopropanol (IPA) (10 min) 2 vol% Clouding of film
Ethanol (EtOH) (10 min) 2 vol% No effect
Methanol (MeOH) (10 min) 2 vol% No effect

g

MIT




Goal: Simplified Lithographic Processing

conventional “all-dry",
A —— resistless
graphy lithography
1. Dielectric deposition
CVvD
R
2. Imaging layer W A R
3. Selective irradiation I\ N\ — Wet_Ch_emiStry
eliminated

4. Development — I

5. Dielectric patterning

6. Imaging layer strip

simplify

%% processing

MIT




Low- k Strategy

U Low- k candidates L
»doped oxides. 21
»>fluorinated glasses. (CF,CFy),
>p.orous films. 2125
»air gaps. (Endo, NEC)

U Must be compatible with Damascene.

2.2-3.3
(Theil, HP)
% porosity
to reach K ~ 2 . 2.0-2.5
sio, 55 _ 65 (Mountsier, Novellu
RN Y Y | 2.5-2.7
hydrocarbon polymer 40 - 50 (Grifl, e
LS e, _ 2.5
fluorocarbon polymer 0 (Akahori, TEL)
—
1.7-2.0

(Rosenmayer, Gore
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E-beam Resist Developable in scCOz

c- C-

develop
— —
resist
“
Ry
H, CHs Hy CHs & H, CHj
Cc | C | ~ |
F e S L
7N : / N, / %
W
HZC/ HzC\ HZC\
| — _
o C|H CHaR, CH—ct
H,C—O o T
HaC_
* R, is an e-beam initiated species CI:HRZ
o
Film deposited by HFCVD
(MIT, Gleason Group):
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MWT

Addition of Modifiers to scCO,

* Small amounts of cosolvents added to supercritical fluid drastically

change solvating power 18
— Increases solvent density (liquids at R.T.) ™
U144
— May increase polarity of fluid 2 2]
— Specific interaction with a comonomer = 0] (/" —e—pure co2
p E == 22 1.1 m0l %
L] s Actone 0.5 mol %
a8 & —o— Acetane 1.1 mol %

T2 74 75 T8 80 82 84 A6 88 90 9.2
Pressure / MPa ——

Zhang, et al. Chem. Eur. J. 2002, 8(22). 5107-11.

a*'

Ethanol Acetone Tetrahydrofuran




The Cosolvent Effect

Increase solvent density
*Tune polarity of fluid

*Specific interaction with a comonomer

0.3 pm -_ L/S

' 05 pm L/ S

45% FAA, Mn<20k, 5000 ps|
1
+ A 40C
S N EE T 45C
% 0.8 = .
@ i :
=
= -
L
= A
e
€ 04 2 vol% ethanol (1.5mol%, 1.6wt%)
% in scCO,
x 0.2 P = 5000 psi, T = 45°C, t = 10 min
0 ‘ ‘m
0 1 2 3 ~2 vol% acetone,
vol% ethanol in CO: i Tiil . Py c’ CI:HS*
(1] 4 4 e **\Cl:%'
. ' C
* 1vol% ethanol....very little effect o7 \(lb
» 2vol% ethanol....100% removal Tz
£Y
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Questions Being Addressed

* Fundamental relationships between resist architecture and *%EZ\EHS*
solubility in scCO,. ss

— QGroups ,

— Copolymers A

* Regions of cosolvent miscibility
McHugh, et al. Macromolecules, 35(17), 2002

* Cosolvent mixing times 2,000 o T -n-t-%- s G-
 Behavior in cosolvents - - |
- o, . n
1500 A3 / _ }h:\ _
g | b Hydrocarbon -] 0
Q . ydroc il J(-II-?,L ]
= l,ml ':EI-HJ:':- C=i —
7 ! 1R Fluorocarbon ]
a . i ':‘I:H:}:- i
CH3 = I = 3 l ':':I:”'.':'u.
H H -
+C2—é CZ—E' jm!_— 3 A:‘-_-.-_—. CH, 4
c|: n )'\m LT |
o~ \cla 0 <|3 F LIQUID + LIQUID
L 1 L L | L L L | L L : L H L L 1 | P L 1 L
CH, Cr % 50 100 150 200 250
(CFy). TEMPERATURE (°C})
H.C=——0 /

CHF,
H%%HHH




Summary

* scCO, 1s excellent high resolution developer
— Avoids pattern collapse
— Environmental benefit
— Costs/process time/performance all promising

* scCO, optimized resists CAN produce sub-100 nm
patterns
— Architecture matters
— Blocks more effective than random polymers
» Adhesion & development
* Positive tone resists demonstrated

e All dry lithography (CVD/scCO,) demonstrated

CORNELL





