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ABSTRACT   

Chain scissioning resists do not require addition of photoacid generators to function. Previously reported chain 
scissioning polysulfone resists were able to achieve enhanced sensitivity by incorporation of absorbing repeat units, but 
these groups also inhibited the depolymerization reaction, which could further enhance sensitivity.  Here we report the 
development of sensitive polysulfone chain scissioning resists for 193 nm that are able to undergo depolymerization. The 
effect of depolymerization of LER is also discussed. These polymers underwent CD shrinkage upon overdose, which 
may be useful for double patterning processes.    
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1. INTRODUCTION  
The semiconductor industry is continually seeking to improve the performance of integrated circuits. In the main is 
achieved by reducing the size of features that are printed onto silicon wafers. Over the past 30 years, the density of 
transistors on computer chips has doubled every 18-24 months and this is used as a benchmark for the industries plans 
for manufacture into the future. One of the primary ways of achieving smaller feature sizes has been to decrease the 
wavelength of the source. However, there have been cases where this has not been feasible. For example the introduction 
of 157 nm VUV technology was unsuccessful because of unachievable requirements on certain critical components, such 
as the lens materials, the pellicle[1-5] and the resist itself.[6] Thus, much recent activity  has concentrated on extending the 
life of 193 nm lithography through various means, such as immersion lithography (193i) in which the final lens element 
is water. It is expected that 193i lithography will allow the industry to move beyond the current 65 nm node to the 45 nm 
node. Initially, it was thought that the use of higher refractive index fluids[7] and photoresists,[8-13] 193i+ lithography 
would be able to tackle the 32 nm node. However, the significant challenges associated with this technology have meant 
that it has been surpassed by double patterning technologies.[14, 15] EUV lithography is likely to be introduced into some 
sectors of the industry over the next few years.  

 Most resist formulations currently use chemical amplification / catalysis to achieve the desired sensitivity. The 
concept of chemical amplification for photolithography was originally proposed by Ito, Willson, and Fréchet[16] In this 
scheme, a single photochemical event induces a cascade of subsequent chemical transformations in a resist film, which 
results in a switch in solubility of the photoresist. Typically this is achieved through the use of photoacid generators 
(PAGs), which upon photodegradation form strong acids that catalyze the formation of polar carboxylic acids or phenols 
and forms an almost exclusive foundation for an entire family of advanced resist systems. Diffusion of photoacid is 
believed to be a dominant cause of LER for CAR platforms.[17-19] However, a number of other factors are believed to 
contribute to LER and the major contributors include mask roughness[20] aerial image contrast,[21] polymer-developer 
interactions[22, 23] and energy blur such as diffusion of secondary electrons in the case of EUV lithography.[24, 25] 

 Despite the large amount of work investigating issues that affect LER a global understanding of the precise 
contribution of all the different components is yet to be achieved. Furthermore, LER values for patterning at 32 or 22 nm 
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nodes is yet to reach the goals set by the ITRS for immersion double patterning or EUV. Given that LER can have a 
significant effect on device performance,[26] it still remains important to develop polymers and processes that minimize 
LER and also to gain further understanding of the processes involved.   

 As part of this search for a solution, we are considering chain scissioning resists for 193 nm and EUV 
lithography.[27-33] An issue with this class of resists has been the poor sensitivity.[34] The next generation of excimer lasers 
have a more powerful laser source which will provide the capability to deliver significantly larger doses to the resist at 
current scan speeds. Hence, for 193 nm Immersion lithography in particular it is likely that the industry will accept less 
sensitive resists.  However despite this further effort is still required to increase the sensitivity of non-CAR resists. 

 Our 193 nm scission resist platform is based on polysulfones. Polysulfones are copolymers of a vinyl monomer 
and sulfur dioxide. Typically, this class of polymer exhibits high sensitivities to ionizing radiation, where the rate of 
chain scission is as high as 6 times greater than that of PMMA. Another advantageous property is that they are 
thermodynamically unstable in the presence of radicals above a critical temperature, termed the ceiling temperature (Tc). 
Hence, once a radical forms as a result of a chain scission, polysulfones have a tendency to spontaneously depolymerize 
when heated above their Tc. This provides a possible mechanism for further decreasing the molecular weight of the 
polymer during a post exposure (PEB) step, which is conducted outside of the exposure tool. Hence, the amount of SO2 
released in the tool can be minimized and the sensitivity of the resists can also be increased.  

 Copolymers of norbornene and sulfur dioxide form the basis of our 193 nm scissioning resist platform, because 
this copolymer has a high Tg and Tc. From spectroscopic ellipsometry studies it was found that this polymer had an 
absorbance of 0.17 µm-1 at 193 nm.[27] Hence, it was not unexpected that the dose to clear (E0)for this polymer was in the 
order of 1000 mJ.cm-2. The amount of film thinning during the PEB step was found to increase with increasing baking 
temperatures. It was also found that the E0 could be decreased by over an order of magnitude to 80 mJ.cm-2 when the 
PEB temperature was 170 ºC. Using grazing angle attenuated total reflectance FTIR it was also shown that irradiated 
films that underwent an annealing step, exhibited a decrease in the SO2 band at 1302 cm-1, which is consistent with loss 
of sulfur dioxide during depolymerization. All these results demonstrated that depolymerization was occuring during the 
PEB and that this could be used to enhance the effective sensitivity of polysulfone based chain scissioning photoresists. 
However, pure poly(norbornene sulfone) is only useful as a model resist, because the PEB temperatures required to 
obtain the highest sensitivities were well above the Tg.  

 To increase the sensitivity of these resists a controlled amount of an absorbing comonomer was incorporated 
during polymerization.[31, 35] In the first instance the amount of allyl benzene was varied and polymers with 
absorbance values between 3.0 and 6.1 µm-1 at 193 nm were obtained. E0 values as low as 50 mJ.cm-2 were obtained for 
some of these polymers. This demonstrated that by controlling the absorbance at 193 nm the sensitivity of the chain 
scissioning resists could be controlled. However, when these polymers were subjected to a PEB, no enhancement in 
sensitivity was observed. This was attributed to the allyl benzene repeat unit being stable towards depolymerization.  This 
article focuses identifying absorbing repeat units to replace allyl benzene in our polysulfone formulations for 193 nm 
scission resists.  

2. EXPERIMENTAL 
2.1 Synthesis of vinyloxybenzene  

A solution of crude 1-phenoxy-2-bromoethane (25.7 g) in dry benzene (75 mL) was slowly added to a refluxing 
potassium t-butoxide solution over a period of 6 h. After cooling to room temperature, the solution was diluted with H2O 
(150 mL) and extracted several times with Et2O. After removing the solvent under vacuum, the residue was distilled at 
reduced pressure: bp 54–55 °C (10 mm Hg) giving phenyl vinyl ether (12 g, 0.1 mol, 62 % overall yield). 1H NMR 
(CDCl3), δ (ppm): 7.45–6.97 (m, 5H, Ar), 6.71 (dd, 1J = 13.2 Hz, 2J = 6.7 Hz, 1H,), 4.85 (dd, 1J = 13.2 Hz, 2J = 1.6 Hz, 
1H ), 4.50 (dd, 1J = 6.7 Hz, 2J = 1.6 Hz, 1H). 

2.2 Synthesis of polysulfones  

In a typical polymerization, bicyclo[2.2.1]hept-2-ene, (1 g, 1.06 × 10-2 mol) in THF (2.67 mL) were transferred to a 50 
mL reaction vessel and deoxygenated using three successive freeze-evacuate-thaw cycles before sulfur dioxide (~25 mL) 
was added. The polymerization was carried out at -15 °C to -20 °C and was initiated with t-butyl hydroperoxide for 2 h. 
The polymer was purified via precipitation in diethyl ether. All other experiments were carried out in the same way but 
with the addition of varying different monomers, compositions and temperatures. 
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2.3 Measurements 
1H NMR spectroscopy was carried out using a Bruker Avance DRX 500 spectrometer operating at 500.13 MHz and 
equipped with a 5 mm triple resonance z-gradient probe. Deuterated chloroform (CDCl3) was used to dissolve the 
organic samples. An internal standard, either tetramethylsilane (TMS) or the residual proton signal of the deuterated 
solvent was used. Thermogravimetric analysis (TGA) was performed at a heating rate of 10 °C/min in N2 on a 
METTLER TOLEDO instrument STARe Thermogravimetric analyzer. Differential scanning calorimetry (DSC) was 
performed at a heating rate of 10 °C/min on a METTLER TOLEDO instrument STARe DSC. Molecular weights of 
polymers were measured using gel permeation chromatography. The chromatographic system consisted of a 1515 
isocratic pump (Waters), a 717 autosampler (Waters), Styragel HT 6E and Styragel HT 3 columns (Waters) run in series, 
a light scattering detector DAWN 8+ (Wyatt Technology Corp.) and a 2414 differential refractive index detector 
(Waters). Tetrahydrofuran (THF) was used as the mobile phase at a flow rate of 1 mL/min. ASTRA (Wyatt Technology 
Corp.) and Empower 2 (Waters) were used for data collection and processing. For the determination of molar mass by 
conventional SEC, the columns were calibrated by polystyrene standards (Waters) covering the molar mass range of 
1.06–1,320 kDa. Optical properties of the thin films, phi and delta, were measured using a J.A. Woollam Vacuum UV – 
Variable Angle Spectroscopic Ellipsometer (VUV-VASE). Using a model these parameters were used to calculate, film 
thickness, refractive index and absorbance. 

3. RESULTS AND DISCUSSION 
Allylbenzene was previously used as the chromophore to raise the absorbance of resists at 193 nm. However, it was 
found that its incorporation resulted in inhibition of depolymerization during the PEB, having an adverse effect on the 
sensitivity. This was attributed to the stability of the radical that formed during photodegradation, which inhibits 
depolymerization. To improve sensitivity a more reactive absorbing unit was sought. Vinyloxybenzene was chosen due 
to the aromatic group for absorbance, but with the addition of an oxygen atom. Inclusion of this monomer has been 
reported to enhance scission of other systems upon irradiation with ionizing radiation.[36] 
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Figure 1. Chemical structure of terpolymer of vinyloxybenzene(VOB), bicyclo[2.2.1]hept-5-en-2-yl ethyl carbonate (NBEC) 

and sulfur dioxide.  

 To verify that vinyloxybenzene was a better absorbing unit than allyl benzene, it was copolymerized with 
bicyclo[2.2.1]hept-5-en-2-yl ethyl carbonate (NBEC) and sulfur dioxide, using tert-butylperoxide as initiator and 
tetrahydrofuran as a solvent, at a reaction temperature of -45 °C for 3 h. The copolymers (3KG_PS_R25(A-C)) that were 
prepared are listed in Table 1 along with their compositions and optical properties at 193 nm. For 3KG_PS_R25(A-C), a 
higher mol% of vinyloxybenzene was incorporated into the copolymer compared to the initial feed ratio, which can be 
attributed to the  higher reactivity of vinyloxybenzene. This is in contrast to the copolymerization using allylbenzene that 
was reported previously, where the stability of propagating radical resulted in a lower rate of propagation during 
polymerization. Initially, 3KG_PS_R25A was prepared with 40 mol% of vinyloxybenzene incorporated, but the 
absorbance value of 10.6 µm-1 (at 193nm) is higher than the target value of 3µm-1. The feed ratios (3KG_PS_R25B-C) 
were subsequently reduced from 40 to 20 and 10 mol% to adjust the absorbance to 6.88 and 3.04 µm-1 respectively. 

 Figure 2 shows the SEM micrographs of 130 nm line/space patterns for 3KG_PS_R25C that have been 
generated using dry 193nm interference lithography, where the NA was 0.32, the  PEB conditions were 100 °C for 60s 
and the developer conditions were MIBK for 60s. At 20 mJ.cm-2 exposure, the dissolution of the exposed area with 
organic solvent, MIBK gives a positive image. Based on the SEM image ( Figure 7 (C)), the half-pitch and LER were 
analyzed using SUMMIT software. At 20 mJ.cm-2, an average half-pitch of 116.3 nm was measured and the LER was 
calculated to be approximately 11.7 nm. In addition, a 10.5% shrinkage of CD was observed. The shrinkage became 
more distinct as the dose was increased to 90 mJ.cm-2, where shrinkage of ~63% (48.1nm) was observed. However, 
qualitatively the LER seemed to be improved at higher doses (90 mJ.cm-2) based on the images from (C) & (D) in Figure 
2. This shrinkage of CD may be useful for a double patterning process.  

Proc. of SPIE Vol. 7972  79722E-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/02/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 

 

Table 1. 
dioxi

S

3KG_P

3KG_P

3KG_P

*3KG_P

αMolecula
βMole rati
γn & k are
δAbsorban
*Note: Al

Figure 2 
magn
k× m
with 

Figure 3 show
Similar trend
similar to the
example, at 2
to 17%. Figur
in CD from 1
(90 mJ.cm-2).

Terpolymerizat
ide, using 2mol

S/N 

PS_R25A 

PS_R25B 

PS_R25C 

PS_R13b 

ar weight chara
io is calculated 
e measured usin
nce value is cal
llylbenzene is u

SEM images 
nification, (B) 9

magnification. *
MIBK, 60s. *N

ws 193 nm int
ds (such an inc
e lower PEB t
20 mJ.cm-2 the
re 4 shows a t

105.9 nm (20 
  

tion of bicyclo
l% of tert-butyl

Molecular
Weightα 

(Da) 
Mw: 176 k
Ðm: 2.43
Mw: 99 k
Ðm: 2.36

Mw:  71 k
Ðm: 2.12

Mw: 173 k
Ðm: 2.47

acteristics are m
using 1H NMR

ng VUV ellipso
culated using th

used as the abso

of the interfe
90 mJ.cm-2 at 2
*Conditions: (I
Note: BARC29A

terferometric 
crease in shrin
temperature (1
e shrinkage w
typical plot of
mJ.cm-2) to 4

o[2.2.1]hept-5-e
lperoxide as init

r Feed
(x:

k 
 

70

k 
 

80

k 
 

90

k 
 

60

measured using p
R. 
meter.  
his equation:
orbing monome

erometric patte
23 k× magnifica
) Thickness: 64
A coated prior 

imaging of 3K
nkage of cd a
100 °C) excep

was 10.5% for 
f (a) dose vers
4.5nm at 90 m

en-2-yl ethyl c
tiator in tetrahy

d Ratio 
:y:z) 

M

0:30 

0:20 

0:10 

0:40 

polystyrene as s

 
r unit. 

ering of 3KG_
ation (C) 20 mJ
4nm; (II) PAB
coating. 

KG_PS_R25C
and lower LER
pt that the inc
a 100 °C PEB

sus CD and (b
mJ.cm-2, causi

carbonate (NBE
ydrofuran at -45

Mole Ratioβ 
(x:y) 

(NMR ) 
60:40 

70:30 

81:19 

83:17 

standard at 40 °

_PS_R25C (0.3
J.cm-2 at 71 k× m
: 110 °C, 60s; 

C where a hig
R at higher en
reased PEB in

B but for a 12
b) dose versus
ing shrinkage 

EC), vinyloxyb
5 °C for 3h.  

n193nm
γ 

1.74 

1.74 

1.73 

1.75 

°C in THF. 

 
32NA_Air). (A
magnification a
(III) PEB 100

her PEB temp
nergy exposur
ncreased the d

20 °C PEB, th
s % shrinkage
to rise from 1

benzene(VOB) 

k193nm
γ 

0.33 

0.21 

0.09 

0.165 

A) 20 mJ.cm-2 

and (D) 90 mJ.c
 °C, 60s; (IV) 

perature (120 
re) were obser
degree of cd s
e shrinkage a

e which shows
17.5% (20 mJ

and sulfur 

Abs193nm
δ 

(µm-1) 

10.6 

6.88 

3.04 

5.36 

at 16 k× 
cm-2 at 125 
developed 

°C) was used
rved, which is
shrinkage. For
lmost doubled
s the reduction
J.cm-2) to 65%

d. 
s 
r 
d 
n 

% 

Proc. of SPIE Vol. 7972  79722E-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/02/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 

 

Figure 3 S
mJ.c
20 m
110 °

Figure 4 P
Thick
coate

 The 
mJ.cm-2 with 
observed for 

SEM images o
m-2at 17 k× ma

mJ.cm-2 at 54 k×
°C, 60s; (III) PE

Plot illustrates 
kness: 64nm; (
ed prior coating

cross-section
120 °C PEB a
all images.  

f 3KG_PS_R25
agnification, (C
× magnification
EB 120 °C, 60s

the effect of (a
II) PAB: 110 °

g. 

nal SEM imag
are shown in F

5C (0.32NA_A
C) 40 mJ.cm-2 a
n, (F) 50 mJ.cm
s; (IV) develope

a) Dose vs. Crit
°C, 60s; (III) PE

ges of the inte
Figure 5(A-C

Air) line/space p
at 20 k× magnif

-2at 64 k× magn
ed with MIBK, 

tical dimension
EB 100 °C, 60s

erferometric p
). The resist th

pattern. (A) 20 
fication and (D
nification. *Con
60s. *Note: BA

n and (b) Dose 
s; (IV) develop

atterning of 3
hickness was 

mJ.cm-2 at 11 
) 50m.Jcm-2at 
nditions: (I) Th
ARC29A coated

 
vs. % shrinkag

ped with MIBK

3KG_PS_R25
retained, how

 
k× magnificati
11 k× magnific

hickness: 64nm
d prior coating.

ge. *Note: Con
K, 60s.  *Note: B

C for doses b
wever, rounded

ion, (B) 30 
cation,  (E) 
; (II) PAB: 
 

nditions: (I) 
BARC29A 

between 30-50
d profiles were

0 
e 

Proc. of SPIE Vol. 7972  79722E-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/02/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 

 

Figure 5.
magn
Thick
coate

 SUM
Figure 3 (20
temperature i
decreased mo
as a percentag

Table 2 L

PEB (°C

100 

120 

120 

*Note: Al

  A chain scis
achieved by 
allylbenzene 
centre for cha
which further
which may m
that the LER
being investig

This research
LP0882551), 

 Cross-section 
nification, (B) 
kness: 64nm; (
ed prior coating

MMIT softwar
0 and 50 mJ.c
is increased. 
olecular weigh
ge of the CD t

LER and LWR a

C) 
Irradiat

(mJ

2

2

ll measurement

ssioning polys
replacing the 
the vinyloxyb
ain scission.  
r enhanced th

make them use
R could be dec
gated in out la

h was supporte
with Sematec

of SEM imag
40m.Jcm-2at 2

(II) PAB: 110 °
g. 

re was used to
cm-2 exposure
This decrease

ht of the polym
the value rema

analysis of 3KG

tion Dose 

J/cm2) 
C

(n

20 10

20 10

50 62

s are determine

sulfone resist 
allylbenzene

benzene unit i
The vinyloxy

he sensitivity 
eful in a doub
creased. Varia
abs.   

ed under the A
ch as a financ

ges of 3KG_P
23 k× magnific
°C, 60s; (III) PE

o analyze the L
es) and these 
e in LER can
mer chains. A
ains the same

G_PS_R25C  

CD 
nm) LWR’

07.8 16.0 

05.9 13.8 

2.3 7.7 

ed by SUMMIT

4. C
has been dev
 absorbing un
increases the a
ybenzene copo

of the polym
ble patterning 
ants that are a

5. ACKN
Australian Re
ial industry p

PS_R25C (0.32
cation and (C) 
EB 120 °C, 60

LER and LWR
are summari

n be attribute
At higher doses

.   

% LWR
L

14.8% 1

13.0% 9

12.4% 5

T software to 3σ

CONCLUSI
veloped that ha
nit with a vin
absorbance co
olymer also w

mer.  The poly
process.  It w
able to be dev

NOWLEDG
search Counc
artner. Equipm

2NA_Air) line/
50 mJ.cm-2 at
s; (IV) develop

R for the high
ized in Table
ed to increase
s the LER wa

LER' 
%LE

11.7 10.9%

9.1 8.6%

5.5 8.8%

σ. 

IONS 
as excellent se

nyloxybenzene
ompared to pu

was able to un
ymers exhibit

was also found
veloped by an

GEMENTS
cil's (ARCs) L
ment used in t

space pattern. 
t 71 k× magnif
ped with MIBK

h magnification
e 2. The LER
ed depolymeri
as also observe

ER 
SEM m

% 7

% 5

% 6

ensitivity (< 2
e repeat unit. 
ure polynorbo

ndergo depolym
ted shrinkage 
d that by incre
n aqueous bas

S 
Linkage Projec
this research w

 
(A) 30m.Jcm-

fication. *Cond
K, 60s. *Note: B

n images from
R decreases w
ization, which
ed to decrease

magnification 

70.8k × 

54.4k × 

60.5k × 

20 mJ cm-2).  
In a similar 

ornene sulfone
merization du
of the CD up

easing the PEB
sed developer

cts Scheme (p
was supported

-2 at 16 k× 
ditions: (I) 
BARC29A 

m Figure 2 and
when the PEB
h will lead to
e, although the

This has been
fashion to the
e and acts as a
uring the PEB
pon overdose
B temperature
r are currently

project number
d by the ARCs

d 
B 
o 
e 

n 
e 
a 

B, 
e, 
e 
y 

r 
s 

Proc. of SPIE Vol. 7972  79722E-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/02/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 

 

Linkage Equipment, Infrastructure and Facilities funding schemes (project numbers LE0668517 and LE0775684). The 
ARC is also acknowledged for providing IB with a Future Fellowship (FT100100721) and AKW with an Australian 
Professorial Fellowship (DP110104299). This work was performed in part at the Queensland node of the Australian 
National Fabrication Facility, a company established under the National Collaborative Research Infrastructure Strategy 
to provide nano and microfabrication facilities for Australia’s researchers. This work was performed in part at the Bio-
Nano Development Facility, which was funded by the Queensland State Government Smart State Innovation Building 
Fund. We acknowledge Dr. Lauren Butler for performing some 193 nm laser and VUV-VASE measurements. 

 SEMATECH and the SEMATECH logo are registered service marks of SEMATECH, Inc. All other service 
marks and trademarks are the property of their respective owners. 

REFERENCES 

[1] Blakey, I., George, G. A., Hill, D. J. T., Liu, H., Rasoul, F., Rintoul, L., Zimmerman, P., and Whittaker, A. K., 
“Mechanism of 157 nm Photodegradation of Poly[4,5-difluoro-2,2- bis(trifluoromethyl)-1,3-dioxole-co-
tetrafluoroethylene] (Teflon AF),” Macromolecules 40, 8954-8961 (2007). 

[2] Blakey, I., George, G. A., Hill, D. J. T., Liu, H., Rasoul, F., Whittaker, A. K., and Zimmerman, P., “XPS and 19F 
NMR study of the photodegradation at 157 nm of photolithographic-grade Teflon AF thin films,” Macromolecules 
38, 4050-4053 (2005). 

[3] French, R. H., Gordon, J. S., Jones, D. J., Lemon, M. F., Wheland, R. C., Zhang, X., Zumsteg, F. C., Jr., Sharp, K. 
G., and Qiu, W., “Materials design and development of fluoropolymers for use as pellicles in 157-nm 
photolithography,” Proc. SPIE 4346, 89-97 (2001). 

[4] French, R. H., Wheland, R. C., Qiu, W., Lemon, M. F., Blackman, G. S., Zhang, X., Gordon, J., Liberman, V., 
Grenville, A., Kunz, R. R., and Rothschild, M., “157-nm pellicles: Polymer design for transparency and lifetime,” 
Proc. SPIE 4691, 576-583 (2002). 

[5] French, R. H., Wheland, R. C., Qiu, W., Lemon, M. F., Zhang, E., Gordon, J., Petrov, V. A., Cherstkov, V. F., and 
Delaygina, N. I., “Novel hydrofluorocarbon polymers for use as pellicles in 157 nm semiconductor photolithography: 
fundamentals of transparency,” J. Fluorine Chem. 122, 63-80 (2003). 

[6] Conley, W., and Bendik, J., “Is ArF the final wavelength?,” Proc. SPIE 5376, 16-20 (2004). 
[7] French, R. H., and Tran, H. V., “Immersion Lithography: Photomask and Wafer-Level Materials,” Annu. Rev. 

Mater. Res. 39, 93-126 (2009). 
[8] Blakey, I., Chen, L., Dargaville, B., Liu, H., Whittaker, A., Conley, W., Piscani, E., Rich, G., Williams, A., and 

Zimmerman, P., “Novel high-index resists for 193-nm immersion lithography and beyond,” Proc. SPIE 6519, 
651909/1-651909/9 (2007). 

[9] Blakey, I., Conley, W., George, G. A., Hill, D. J. T., Liu, H., Rasoul, F., and Whittaker, A. K., “Synthesis of high 
refractive index sulfur containing polymers for 193 nm immersion lithography: a progress report,” Proc. SPIE 6153, 
61530H/1-61530H/10 (2006). 

[10] Whittaker, A. K., Blakey, I., Chen, L., Dargaville, B., Liu, H., Conley, W., and Zimmerman, P. A., “Rational 
design of high-RI resists for 193-nm immersion lithography,” J. Photopolym. Sci. Technol. 20, 665-671 (2007). 

[11] Whittaker, A. K., Blakey, I., Liu, H., Hill, D. J. T., George, G. A., Conley, W., and Zimmerman, P., “High-RI 
resist polymers for 193 nm immersion lithography,” Proc. SPIE 5753, 827-835 (2005). 

[12] Zimmerman, P. A., Byers, J., Piscani, E., Rice, B., Ober, C. K., Giannelis, E. P., Rodriguez, R., Wang, D., 
Whittaker, A., Blakey, I., Chen, L., Dargaville, B., and Liu, H., “Development of an operational high refractive index 
resist for 193nm immersion lithography,” Proc. SPIE 6923, 692306/1-692306/10 (2008). 

[13] Zimmerman, P. A., van Peski, C., Rice, B., Byers, J., Turro, N. J., Lei, X., Gejo, J. L., Liberman, V., Palmacci, 
S., Rothschild, M., Whittaker, A., Blakey, I., Chen, L., Dargaville, B., and Liu, H., “Status of high-index materials 
for generation-three 193 nm immersion lithography,” J. Photopolym. Sci. Technol. 20, 643-650 (2007). 

[14] Vandeweyer, T., Bekaert, J., Ercken, M., Gronheid, R., Miller, A., Truffert, V., Verhaegen, S., Versluijs, J., 
Wiaux, V., Wong, P., Vandenberghe, G., and Maenhoudt, M., “Immersion lithography and double patterning in 
advanced microelectronics,” Proc. SPIE 7521, 752102-11 (2009). 

[15] Yabe, K., Hasebe, K., Nakajima, S., Murakami, H., Hara, A., Yamauchi, S., Natori, S., Oyama, K., and 
Yaeasghi, H., “Novel approaches to controlling photo-resist CD in double patterning processes,” Proceedings of 
SPIE 7639, 76391U-8 (2010). 

Proc. of SPIE Vol. 7972  79722E-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/02/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 

 

[16] Ito, H., “Chemical amplification resists for microlithography,” Adv. Polym. Sci. 37, 245 (2005). 
[17] Kruit, P., and Steenbrink, S., “Local critical dimension variation from shot-noise related line edge roughness,” 

J. Vac. Sci. Technol. B Microelectron. Nanometer Struct. Process., Meas. Phenom. 23, 3033-3036 (2005). 
[18] Saeki, A., Kozawa, T., Tagawa, S., and Cao, H. B., “Correlation between proton dynamics and line edge 

roughness in chemically amplified resist for post-optical lithography,” J. Vac. Sci. Technol. B Microelectron. 
Nanometer Struct. Process. Meas. Phenom. 24, 3066-3072 (2006). 

[19] Saeki, A., Kozawa, T., Tagawa, S., Cao, H. B., Deng, H., and Leeson, M. J., “Line edge roughness after 
development in a positive-tone chemically amplified resist of post-optical lithography investigated by Monte Carlo 
simulation and a dissolution model,” Nanotechnology 19, 015705/1-015705/5 (2008). 

[20] Naulleau, P. P., Goldberg, K. A., Anderson, E., Cain, J. P., Denham, P., Jackson, K., Morlens, A.-S., Rekawa, 
S., and Salmassi, F., “Extreme ultraviolet microexposures at the Advanced Light Source using the 0.3 numerical 
aperture micro-exposure tool optic,” J. Vac. Sci. Technol. B: Microelectron. Nanometer Struct. Process. Meas. 
Phenom. 22, 2962-2965 (2004). 

[21] Sanchez, M. I., Hinsberg, W. D., Houle, F. A., Hoffnagle, J. A., Ito, H., and Nguyen, C. V., “Aerial image 
contrast using interferometric lithography: effect on line-edge roughness,” Proc. SPIE 3678, 160-171 (1999). 

[22] Chauhan, S., Somervell, M., Scheer, S., Mack, C. A., Bonnecaze, R. T., and Willson, C. G., “Polymer 
dissolution model: an energy adaptation of the critical ionization theory,” Proc. SPIE 7273, 727336-11 (2009). 

[23] Nishimura, Y., Michelson, T., Meiring, J. E., Stewart, M. D., & Wilson, C. G., “LER in Chemically Amplified 
Resist: Speculation, Simulation and Application,” J. Photopolym. Sci. Technol. 18, 457 (2005). 

[24] Kozawa, T., and Tagawa, S., “Normalized image log slope with secondary electron migration effect in 
chemically amplified extreme ultraviolet resists,” Applied Physics Express 2, 095004/1-095004/3 (2009). 

[25] Kozawa, T., and Tagawa, S., “Theoretical study on chemical gradient generated in chemically amplified resists 
based on polymer deprotection upon exposure to extreme ultraviolet radiation,” Applied Physics Express 2(5), 
056503/1-056503/3 (2009). 

[26] Stucchi, M., Bamal, M., and Maex, K., “Impact of line-edge roughness on resistance and capacitance of scaled 
interconnects,” Microelectron. Eng. 84, 2733-2737 (2007). 

[27] Blakey, I., Chen, L., Goh, Y.-K., Lawrie, K., Chuang, Y.-M., Piscani, E., Zimmerman, P. A., and Whittaker, A. 
K., “Non-CA resists for 193 nm immersion lithography: effects of chemical structure on sensitivity,” Proc. SPIE 
7273, 72733X (2009). 

[28] Jack, K., Liu, H., Blakey, I., Hill, D., Wang, Y., Cao, H., Leeson, M., Denbeaux, G., Waterman, J., and 
Whittaker, A., “The rational design of polymeric EUV resist materials by QSPR modelling,” Proc. SPIE 6519, 
65193Z/1-65193Z/8 (2007). 

[29] Whittaker, A. K., Blakey, I., Blinco, J., Jack, K. S., Lawrie, K., Liu, H., Yu, A., Leeson, M., Yeuh, W., and 
Younkin, T., “Development of polymers for non-CAR resists for EUVL,” Proc. SPIE 7273, 727321 (2009). 

[30] Lawrie, K., Blakey, I., Blinco, J., Gronheid, R., Jack, K., Pollentier, I., Leeson, M. J., Younkin, T. R., and 
Whittaker, A. K., “Extreme ultraviolet (EUV) degradation of poly(olefin sulfone)s: Towards applications as EUV 
photoresists,” Radiat. Phys. Chem. 80, 236-241 (2011). 

[31] Chen, L., Goh, Y.-K., Lawrie, K., Chuang, Y., Piscani, E., Zimmerman, P., Blakey, I., and Whittaker, A. K., 
“Polysulfone based non-CA resists for 193 nm immersion lithography: Effect of increasing polymer absorbance on 
sensitivity,” Radiat. Phys. Chem. 80, 242-247 (2011). 

[32] Lawrie, K. J., Blakey, I., Blinco, J. P., Cheng, H. H., Gronheid, R., Jack, K. S., Pollentier, I., Leeson, M. J., 
Younkin, T. R., and Whittaker, A. K., “Chain scission resists for extreme ultraviolet lithography based on high 
performance polysulfone-containing polymers,” J. Mater. Chem., 10.1039/C0JM03288C (2011). 

[33] Yu, A., Liu, H., Blinco, J. P., Jack, K. S., Leeson, M., Younkin, T. R., Whittaker, A. K., and Blakey, I., 
“Patterning of Tailored Polycarbonate Based Non-chemically-amplified Resists using Extreme Ultraviolet 
Lithography,” Macromol. Rapid Commun. 31, 1449–1455 (2010). 

[34] Gronheid, R., Solak, H. H., Ekinci, Y., Jouve, A., and Van Roey, F., “Characterization of extreme ultraviolet 
resists with interference lithography,” Microelectron. Eng. 83, 1103-1106 (2006). 

[35] Chen, L., Goh, Y.-K., Lawrie, K., Smith, B., Montgomery, W., Zimmerman, P., Blakey, I., and Whittaker, A., 
“Non-chemically amplified resists for 193-nm immersion lithography: influence of absorbance on performance,” 
Proc. SPIE 7639, 763953/763901-763953/763909 (2010). 

[36] Ramakrishnan, L., and Sivaprakasam, K., “Synthesis, characterization, thermal degradation, and comparative 
chain dynamics studies of weak-link polysulfide polymers ” Journal of Polymer Research 16(6), 623-635 (2009). 

 

Proc. of SPIE Vol. 7972  79722E-8

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/02/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx


