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ent, EUVL applications and nano
mechanical properties of a new HfO2 based hybrid
non-chemically amplified resist†
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A new HfO2 based hybrid polymer HfO2–methacrylate–MAPDST (HMM, Mw �27 885 g mol�1) was

synthesized by reacting the hybridmonomer HfO2–methacrylate (HM)with (methacryloyloxy)phenyldimethyl-

sulfoniumtriflate (MAPDST) in the presence of azobisisobutyronitrile (AIBN) as a radical initiator in

tetrahydrofuran and acetonitrile (2 : 1; v/v) at 60 �C for Extreme Ultraviolet Lithography (EUVL) applications

as a non-chemically amplified resist (n-CAR) material. Transmission Electron Microscope (TEM) and

Dynamic Light Scattering (DLS) analyses revealed the particle sizes of HM and HMM hybrids as �3–5 nm

and �12 nm respectively. Thin films of thickness �53 nm were prepared by spin coating 3% (w/v) solutions

of HMM in methanol onto 400 p-type Si wafers consisting of a 40 nm hexamethyldisilazane (HMDS) under

layer. The films were then subjected to EUV exposure at a dose of 51.7127 mJ cm�2 on a micro exposure

tool (MET) with an Advanced Light Source (ALS) at SEMATECH Berkeley using standard mask IMO228775

with field R4C3 (LBNL low flare bright-field). The EUV E0 dose used for the exposure was 22 mJ cm�2. Field

Emission Scanning Electron Microscope (FE-SEM) micrographs of the EUV exposed hybrid resist films

showed isolated line patterns of 80, 70, 60, 50, 45, 40, 35 and 30 nm for 5 : 1 duty cycle, of which 80 to 50

nm line patterns were well resolved, whereas patterns of 45 to 30 nm or higher resolutions exhibited

undesirable traits like bridging, fracturing, de-adhesion, peel-off and pattern collapse. To comprehend the

reasons behind these undesirable traits, nano-mechanical properties (modulus and adhesion) of the EUV

exposed and developed resist patterns were investigated by using Peak Force-Quantitative Nano-

Mechanical (PF-QNM) tapping mode Atomic Force Microscope (AFM). These studies revealed �18% and

�19% reductions in Derjaguin–Müller–Toporov (DMT) modulus and adhesion magnitudes respectively with

an increase in isolated line pattern resolution from 80 to 30 nm for 5 : 1 duty cycles. The reduction in

modulus and adhesion magnitudes might have caused the observed fracturing, peel-off and collapse of the

high resolution line patterns during the pattern development processes.
Introduction

Extreme ultra-violet lithography (EUVL) is perceived as one of
the next generation technologies for fabricating microelectronic
devices of 20 nm technology nodes and beyond.1,2 However,
there are many roadblocks still to overcome before commer-
cializing this technique for sub 20 nm applications. For sub-
20 nm patterning, use of thinner resist lms is preferred in
order to prevent pattern collapse from high aspect ratios. An
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aspect ratio of 2 : 1 under such conditions requires resist lms
of thickness �30–40 nm. However, thin resist lms based on
neat organic polymers face extremely challenging hurdles such
as poor photon absorption, moderate etch resistance and
limited gains for sub-20 nm high resolution patterning.3,4 This
poses the serious challenge of developing highly sensitive and
etch resistant photoresists capable of forming thinner lms to
prevent pattern collapse and at the same time allow efficient
pattern transfer for high resolution lithographic applications.

In recent years, organic/inorganic hybrid photoresists have
received signicant attention due to their combined function-
alities arising from both inorganic and organic components. It
has been shown that the incorporation of inorganic units like
metal nanoparticles endow the organic photoresists with high
etch resistance while maintaining the required processing
properties of somaterials.5,6 Problems such as pattern collapse
and poor pattern transfer in sub-30 nm region suffered by
RSC Adv., 2016, 6, 67143–67149 | 67143
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conventional organic polymer-based photoresists could also be
reduced by using hybrid resists. Polyhedral oligomeric silses-
quioxane (POSS), molecular organometallics, metal oxide
nanoparticles etc. are examples of inorganic components used
in photoresist formulations.7–14 Particularly, metal oxide nano-
particles have received considerable attention as inorganic
components for next generation hybrid photoresists.15,16 One
signicant advantage of metal oxide nanoparticles based
photoresists is their re-inforced mechanical strength and
accompanying high etch resistance compared to that of neat
organic polymer based resists.7–16 Advantages of metal oxides
based resists also include their higher optical densities, which
enable them to harvest EUV photons efficiently to provide
superior lithographic performances including enhanced sensi-
tivity and lower shot noise.17 The metal oxides are known to
absorb EUV photons with optical densities that are higher than
that of carbon.11 Oxide nanoparticle EUV (ONE) negative resists
for 22 nm patterns with high sensitivity was reported by Ober
et al. in 2011.18 Further studies on zirconia or hafnia nano-
particle based hybrid resists have also demonstrated the
applicability of ONE resists for high resolution patterning (�20
nm line-spaces).5 Oen, photo acid generators (PAG) were part
of such chemically amplied resist (CAR) formulations, which
may lead to pattern roughness at high resolutions.19 In this
respect, non-chemically amplied resists (n-CARs), which show
low Line Edge Roughness (LER) and Line Width Roughness
(LWR), are projected superior to CARs for sub-20 nm patterning
applications.20,21 In n-CARs, materials that are directly sensitive
to radiations are used without utilising the concept of chemical
amplication. However, the development of n-CARs oen lags
behind that of CARs mainly due to their low sensitivity.20

Therefore, incorporation of inorganic components (such as
HfO2 nanoparticles) is envisaged to improve the sensitivity of n-
CARs by enhancing their EUV absorption.

Furthermore, during the resist development processes,
especially for sub-20 nm pattering applications, pattern collapse
is more likely to occur due to the dominant capillary forces
causing fracturing, bending, line folding, delamination or peel-
off and de-adhesion of patterns from the substrate.22,23 There-
fore, measurement of nano-mechanical properties like Derja-
guin–Müller–Toporov (DMT) modulus and adhesion may lead
to a better understanding of the mechanisms that lead to
pattern collapse and hence would ultimately help in designing
improved resists. However, such nano-mechanical properties
are not easy to evaluate, especially at higher resolutions. A few
research attempts have already been reported in this direc-
tion,24,25 however a direct, non-destructive nano-mechanical
technique for the determination of DMT modulus and adhe-
sion for n-CAR line pattern analysis has not yet been reported.

Considering the above, herein we report the design and
development of a new hybrid n-CAR based on organic monomer
(methacryloyloxy)phenyldimethylsulfoniumtriate (MAPDST)21

and HfO2–methacrylate (HM) hybrid monomer. In MAPDST
based photoresists, photon directed polarity changes occur at
the sulfonium centers causing solubility difference to the
exposed and un-exposed regions leading to pattern trans-
fer.17,21,26 It was expected that a combination of MAPDST and
67144 | RSC Adv., 2016, 6, 67143–67149
HfO2 nanoparticles may lead to combined functionalities of
both the components leading to an improved resist formulation
for EUVL applications. The nano-mechanical properties of the
EUV line-patterns were evaluated by using non-destructive
Atomic Force Microscope (AFM) technique Peak Force-
Quantitative Nano-Mechanical (PF-QNM) analyses. It is ex-
pected that a detailed analysis of line modulus, adhesion and
topography of the patterns leading to a clear understanding of
such fundamental nano-mechanical properties may help in
designing improved EUV resist formulation for next generation
lithography applications.

Experimental section
Chemicals and reagents

Hafnium(IV) tert-butoxide, acetic acid and diethylether were
purchased from Sigma-Aldrich and used as received. Meth-
acrylic acid (MA) and tetramethylammonium hydroxide (TMAH)
were purchased from Acros Organics. Tetrahydrofuran (THF)
was dried using sodium wire/benzophenone and acetonitrile
(CH3CN) was dried using calcium hydride (CaH2). AIBN (azo-
bisisobutyronitrile) was purchased from Paras Polymers, India
and recrystallized twice before use in polymerizations. HfO2–

acetate (HA) and HfO2–methacrylate (HM) were synthesized
according to reported procedures.14,27 MAPDST monomer was
synthesized by following a reported procedure.21

FT-IR, NMR, TGA, EDX and DLS analyses

FT-IR spectra were recorded in 4000–400 cm�1 range using
a Perkin-Elmer Spectrum-2 spectrophotometer at a resolution of
4 cm�1 averaging 16 scans per spectrum. 1H, 13C and 19F NMR
were recorded on Jeol JNM ECX 500 MHz spectrometer using
DMSO-d6/CDCl3 as solvents. Thermogravimetric analyses (TGA)
were performed on NETZSCH STA 449 F1 JUPITER Series
instrument. The heating rate employed was 10 �C min�1 under
N2 atmosphere over a temperature range of 25–800 �C. Energy-
dispersive X-ray spectroscopy (EDX) analyses of HMM hybrid
polymer were conducted on FEI-Nova nano SEM-450. Dynamic
light scattering studies (DLS) were conducted on a Malvern,
Zetasizer instrument.

TEM and GPC analyses

The microstructure and morphology analyses of HA, HM and
HMM hybrids were performed by using High Resolution-
Transmission Electron Microscope (HR-TEM), JEOL-JEM-
200FS, operated at 200 keV with a 1.9 Å point-to-point resolu-
tion. For HR-TEM studies, the samples were rst suspended in
ethanol to disperse the powders followed by deposition of
a drop of the suspension on lacey carbon copper grid used as
a TEM support.

Molecular weight and polydispersity index (PDI) of HMM
were determined by performing gel permeation chromatog-
raphy (GPC) analyses using PL gel mixed C 10 mm column on
a 1260 Innity Series instrument from Agilent. DMF with 1%
LiBr was used as mobile phase at a ow rate of 1 mL min�1 and
a column temperature of 70 �C.
This journal is © The Royal Society of Chemistry 2016
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Synthesis of HMM hybrid polymer

HM (0.100 g, 20%), MAPDST monomer (0.400 g, 80%) and
AIBN (1 wt% relative to the combined weight of the mono-
mers) were dissolved in a mixture of THF–CH3CN (2 : 1, v/v) in
a vial with a side arm under N2 atmosphere and the resulting
solution was siphoned-off to the polymerization ask equip-
ped with a silicone septum and a Teon coated stirring bar.
The mixture, aer 1 h of N2 purging, was le under magnetic
stirring at 60 �C for 48 h under N2 atmosphere. Aer
completion of the reaction, the mixture was poured slowly into
diethyl ether (300 mL) and the separated solid was washed
with acetonitrile. The resulting crude product was dissolved in
methanol and then re-precipitated using diethyl ether. The
separated white solid was ltered off and dried in a tempera-
ture-controlled hot-air oven at 50 �C for 24 h. Yield: 0.230 g
(52%). FT-IR: nmax/cm

�1 3027–2935 (CH), 1755 (C]O), 1588
(C]O asymmetric), 1500 (C]O symmetric), 1421 (C]C), 1254
(CF3), 1160, 1086, 1023, 1000, 877, 836, 814, 637–560–501–428
(HfO2).

1H NMR (500 MHz, DMSO-d6) dH 8.12 (2H, br. s, ArH),
7.44 (2H, br. s, ArH), 3.21 (6H, s, S(CH3)2), 2.38–2.00 (4H, br.
peak, CH2 polymeric), 1.5–1.11 (6H, br. peak, CH3 aliphatic);
13C NMR (125 MHz, DMSO-d6) dC 174.59 (C]O), 162.48 (O–C]
O), 153.86, 132.32, 131.78, 123.99, 123.31, 117.39 (aromatic,
CF3), 45.49 (CH2), 29.00 (SCH3), 28.54, 25.26, 22.64, 21.87,
19.01 (CH3 aliphatic).

19F NMR (376 MHz; DMSO-d6) dF �77.64
(3F, s, CF3).
Thin lm formation

Thin lms of HMM having a thickness of �53 nm were
prepared by spin coating its 3% (w/v) solution in methanol at
5000 rpm for 60 s onto 400 p-type Si wafers consisting of 40 nm
hexamethyldisilazane (HMDS) under layer. The lms thus ob-
tained were subjected to post apply bake (PAB) and post expo-
sure bake (PEB) at 90 �C for 120 s and 100 �C for 90 s
respectively. The EUV exposed patterns were developed in 200
mL TMAH stock solution in 50 mL DI water for 180 s followed by
rinsing with DI water for 5 s.
EUV exposure and FE-SEM characterization

EUV exposure of the spin coated HMM hybrid n-CAR lms on
HMDS wafers were performed on a micro exposure tool (MET)
at the Advanced Light Source (ALS) in SEMATECH Berkeley. All
the exposures were performed by using ALS MET Standard
Mask IMO228775 with eld R4C3 (LBNL low are bright-eld).
The EUV E0 dose used for the exposure was 22 mJ cm�2. The
critical dimension (CD) analysis were accomplished using
a Carl Zeiss Ultra Plus Field Emission Scanning Electron
Microscope (FE-SEM). The thickness of isolated line patterns
was measured by using AFM line prole measurements and
found to be �52.75 � 0.1 nm indicating a similar thickness as
found for original resist lm (see ESI, Fig. S1†).
Nano-mechanical property analyses

The surface morphology as well as the materials properties
required for nano-mechanical analyses were obtained by using
This journal is © The Royal Society of Chemistry 2016
Atomic Force Microscope (AFM) (Dimension Icon, Bruker)
operating in Peak Force tapping mode. The standard tapping
cantilever (TESPA) from Bruker with a nominal tip radius of 8
nm was used for both imaging and Peak Force-Quantitative
Nano-Mechanical (PF-QNM) measurements. Aluminium
coated probes having a resonant frequency of �325 kHz, spring
constant of 42 Nm�1 and tip half angle of 18� were used in these
experiments. By calibrating the deection sensitivity, cantilever
spring constant and tip radius, the force-distance characteris-
tics were derived yielding quantitative information about elastic
modulus, adhesion, dissipation energy and deformation prop-
erties of the line patterns.

Results and discussion
Synthesis and characterization

The HMM hybrid polymer photoresist was synthesized in
a three step process as shown in Scheme 1. Firstly, HfO2–acetate
(HA) was synthesized as a ne white powder by the hydrolysis
and condensation of hafnium(IV) tert-butoxide in presence of
acetic acid at 60 �C for 2 days.14,27 Secondly, the hybridmonomer
HfO2–methacrylate (HM) was synthesized as a light brown solid
by ligand exchange of HA with methacrylic acid in propylene
glycol monomethyl ether acetate (PGMEA) solvent27 (see ESI† for
HA and HM synthesis). Finally, the HMM hybrid polymer was
synthesized by the co-polymerization of HM and MAPDST
monomers in 20 : 80 weight ratio in presence of AIBN radical
initiator (1 wt% relative to the combined weight of the mono-
mers) in tetrahydrofuran and acetonitrile (2 : 1; v/v) solvent
system at 60 �C for 2 days. All of these hybrid materials were
characterized by using standard analytical and spectroscopic
techniques including FT-IR, NMR, DLS, TEM and EDX.

FT-IR spectra of hybrids HA, HM and HMM were in good
agreement with the proposed structures (see Fig. 1(A)–(C)). The
vibrational bands observed for hybrids HA & HM in the range
1551–1573 cm�1 and 1416–1455 cm�1 correspond to the
asymmetric and symmetric vibrations of deprotonated C–O
group present in the acetate and methacrylate groups respec-
tively. The vibrational bands observed in the range 668–421
cm�1 correspond to the stretching vibrations of HfO2 parti-
cles.27 The HMMhybrid polymer exhibited IR bands at 1755 and
1254 cm�1 due to C]O and CF3 stretching respectively; whereas
the bands observed in the range 1420–1578 cm�1 and 428–637
cm�1 correspond to the vibrations of the aromatic ring and
HfO2 particles respectively.26,27

Furthermore, the presence of various organic units in
hybrids HA & HM and hybrid polymer HMM were conrmed by
NMR analyses. The absence of carboxylic proton peaks in
hybrids HA & HM suggests that the organic ligands in these
hybrids are deprotonated (see ESI Fig. S2 and S4†). The proton
resonance peaks appearing at 1.8–2.0 ppm for HA & HM are due
to the methyl (–CH3) groups of the organic units, as shown in
Scheme 1. The peaks due to the methylene (]CH2) protons of
HM were located at 5.3–6.1 ppm. NMR data therefore conrm
the attachment of organic ligands, methyl acetate and methyl
methacrylate, on HfO2 surface in hybrids HA & HM respectively
as expected. The olenic proton peaks of HM and MAPDST
RSC Adv., 2016, 6, 67143–67149 | 67145
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Scheme 1 Synthetic route of HMM hybrid polymer.
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monomers were absent in the spectrum of HMM (see Fig. 1(D))
suggesting the complete conversion of monomers into polymer.
For HMM hybrid polymer, the resonance peaks observed at 3.2
ppm can be assigned to the methyl protons on the sulfonium
moiety, whereas, the aromatic protons of the phenyl rings
appeared in the range 7.5–8.5 ppm. In addition, the appearance
of broad peaks at 2.0–2.4 and 1.1–1.6 ppm due to the methylene
and methyl protons respectively of the polymer skeleton (see
Fig. 1(D)) indicate the formation of HMM hybrid polymer as
expected. 19F NMR analysis of HMM showed a peak at �77.64
ppm corresponding to CF3SO3

� unit of MAPDST moiety.17 The
13C NMR signals observed at ppm values 178.26, 172.61 and
174.5 for HA, HM and HMM respectively indicate the presence
of C]O group in their organic skeleton. In addition, HMM
showed 13C resonance signals at 29 and 45.5 ppm correspond-
ing to –SCH3 and polymeric –CH2–moieties respectively21,26 (see
ESI Fig. S3, S5 and S7† for more details).
Fig. 1 FT-IR spectrum of hybrids HA (A), HM (B) and HMM (C) and 1H N

67146 | RSC Adv., 2016, 6, 67143–67149
The weight average molecular weight (Mw) of the hybrid
polymer HMM was determined by gel permeation chromatog-
raphy (GPC) using mixed-C column. 1% LiBr in DMF was used as
the eluent for GPC analysis at a ow rate of 1 mLmin�1 at 70 �C.
Polyethylene oxide (PEO) and poly(ethyleneglycol) (PEG) stan-
dards were used for plotting the size exclusion chromatography
(SEC) calibration curve. The average molecular weight (Mw) of
HMM hybrid polymer was calculated to be 27 885 g mol�1 with
a polydispersity index of 2.150 (see ESI Fig. S9†). EDX analyses
were performed to conrm the presence of HfO2 nano-particles
in HMM, see ESI Fig. S10.† Thermogravimetric analyses (TGA)
were conducted to investigate thermal stabilities of the hybrids.
The decomposition temperature of HMM corresponding to 5%
weight loss was 220 �C, indicating its sufficient thermal stability
for lithographic applications, see ESI Fig. S11.†

The size and morphology of hybrids HA, HM and HMMwere
evaluated by using TEM and DLS studies. The TEM analysis
MR of HMM (D).

This journal is © The Royal Society of Chemistry 2016
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revealed that the hybrids HA & HM show almost similar sizes
within the range 3–5 nm as expected (see ESI Fig. S12(A) and
(B)†). The well-dened crystalline HfO2 lattice structure of HM
is shown in ESI Fig. S12(C).† The TEM analysis revealed
a particle size of �12 nm for HMM hybrid polymer, see ESI
Fig. S12(D) and (E).† The signicant increase in particle size of
HMM compared to that of hybrids HA & HM could be attributed
to the presence of large organic polymeric moiety around HfO2

in HMM.27 Furthermore, well-dened X-ray diffraction pattern
of the HfO2 particles of HMM is shown in Fig. S12(F), ESI.† The
DLS studies revealed the hydrodynamic radii of hybrids HA, HM
and HMM in acetonitrile solutions as 1–5 nm, 2–3 nm and 9–15
nm respectively; which are in agreement with the data obtained
from TEM studies, see ESI Fig. S12(G).†

EUVL exposure

Evaluation of hybrid polymer HMM towards non-chemically
amplied resist (n-CAR) application was realized with the expo-
sure to extreme ultra-violet (EUV) radiation (l ¼ �13.5 nm)
through 0.3-NA optics of a Micro-eld Exposure Tool (MET) at
SEMATECH Berkeley, see ESI Fig. S13† for more details. Thin
lms of HMM having thickness of �53 nm were used for EUV
exposure studies. An E0 center dose value of 22mJ cm�2 was used
for these exposures, which was lower than that used for pure
MAPDST homopolymer resist (30 mJ cm�2).22 This indicated that
the sensitivity of HMM hybrid resist is higher than that of the
corresponding neat organic homopolymer resist probably due to
the incorporation of HfO2 nanoparticles in resist formulation.
The results of EUV exposure studies are presented in Fig. 2. The
high resolution features presented here contains the matrix of
5 : 1 duty cycle, space/line patterns printed with the feature sizes
(printed@wafer) of 80 to 30 nm. Our efforts to get high resolution
images of patterns with 1 : 1 duty cycle were unsuccessful and
hence the resolution data reported here is based on 5 : 1 duty
cycle patterns.
Fig. 2 FE-SEM images of EUV exposed HMM hybrid polymer resist for
5 : 1 duty cycle line patterns: (A) 80, 70, 60, 50, 45, 40, 35 and 30 nm at
10 KX (Mag) and (B) 50, 45, 40, 35, 30 nm at 25 KX (Mag).

This journal is © The Royal Society of Chemistry 2016
It has been reported earlier that the particle sizes of certain
Hf-based hybrid photoresists show a dramatic increase aer UV
exposure. The particle coarsening sensitivities of those hybrid
resist nanoparticles were also consistent with their EUV
performances.16 Although the effects of UV on particle sizes of
HMM resist were not explored in this study, it is worthwhile to
note that the AFM images of HMM resist before and aer EUV
irradiation did not show any increase in surface roughness,
even at the edges of the patterns. This perhaps points to
a negligible variation in HMM hybrid particle size under the
experimental conditions employed.

As can be seen in Fig. 2(A), 80 to 50 nm isolated line patterns
of 5 : 1 duty cycle were very well resolved, but there were insti-
gations of bridging observed for 45 nm line patterns and
beyond, see Fig. 2(B). At higher resolutions, undesirable traits
like pattern-collapse, fracturing, peel-off and de-adhesion were
revealed. Bridging and fracturing were predominant for 35 and
30 nm patterns whereas peel-off and de-adhesion were common
at even higher resolutions (not shown here).
AFM studies for modulus measurements

A clear understanding of the factors leading to the progressive
variations in undesirable traits like bridging, fracturing, peel-off,
de-adhesion and pattern-collapse exhibited by high resolution
line patterns of HMM resist may help in designing improved
hybrid photo resists for sub-20 nm applications. Therefore,
a nano-mechanical, non-destructive analyses of the developed
5 : 1 duty cycle 80, 70, 40, 35, 30 nm line patterns of HMM resist
were performed through Peak Force QNM-AFM analysis.
Fig. 3(A)–(C) show the topography, modulus and adhesion of 80 &
70 nm isolated line patterns of HMM resist measured by Peak
Force QNM tappingmode AFM. The computed root mean square
(r.m.s) roughness for 80 & 70 nm line patterns shown in Fig. 3(A)
was 14.2 nm; while the calculated DMT modulus and adhesion
were 3.23 � 0.2, 3.14 � 0.15 GPa and 62 � 5, 57 � 3 nN respec-
tively for these line patterns. Similarly, Fig. 3(D)–(F) show the
topography, modulus and adhesion of 40, 35 & 30 nm line
patterns of HMM resist respectively. The measured r.m.s
roughness of line patterns shown in Fig. 3(D) was 9.86 nm and
the calculated modulus and adhesion for 40, 35 & 30 nm line
patterns mapped in Fig. 3(D)–(F) were 3.1 � 0.19, 2.81 � 0.18 &
2.65 � 0.11 Gpa and 56 � 3, 50 � 2 & 50 � 4 nN respectively. As
shown in Fig. 3 (B) and (E), the magnitude of the calculated DMT
modulus of HMM hybrid decreased �18% with increase in line-
pattern resolution from 80 to 30 nm for 5 : 1 duty cycles. This
signicant reduction in the magnitude of DMT modulus for
higher resolution line patterns perhaps causes their undesirable
traits such as bridging, fracturing, de-adhesion and peel-
off.3,4,24,25 Moreover, this effect will bemore prominent during the
development processes of EUV exposed resist lms where capil-
lary forces play a dominant role; especially in the case of high
resolution isolated line patterns and densely featured
patterns.24,25 Similarly, as shown in Fig. 3(C) and (F), the adhesion
magnitude decreased �19% with increase in line pattern reso-
lution from 80 to 30 nm for 5 : 1 duty cycles, which explains the
observed fracturing, peel-off and collapsing of the printed high
RSC Adv., 2016, 6, 67143–67149 | 67147
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Fig. 3 Representative mapping of topography, DMT modulus and
adhesion for EUV exposed HMM hybrid n-CAR resist for 5 : 1 duty
cycle line patterns: (A), (B) and (C) show 80 & 70 nm line patterns; (D),
(E) and (F) show 40, 35 & 30 nm line patterns.
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resolution line patterns. For 35 nm and 30 nm line patterns, it
was observed that the DMT modulus decreased when the reso-
lution changed from 35 nm to 30 nm, while the adhesion value
remained same. We believe that the lateral contribution of wafer
Si towards adhesion plays an important role here. Fig. 3(C) clearly
shows that the Si present between resist lines shows very high
adhesion map. For 30 nm lines, severe pattern collapse was
observed and therefore the measured adhesion value might get
affected by the increased contact of AFM tip with the wafer Si
during the scans resulting in higher adhesion value than
expected.

Conclusions

We have developed a new hybrid resist formulation based on
HfO2–methacrylate and (methacryloyloxy)phenyl dimethyl sul-
foniumtriate and investigated its performance as a non-
chemically amplied photoresist for high resolution EUVL
pattering. EUVL results suggested that this new resist formu-
lation is highly competent for pattering well resolved features of
�40 nm and above. However, below �40 nm, line patterns
exhibited undesirable traits like bridging, peel-off, de-adhesion
and pattern collapse. Nano-mechanical property evaluations
performed on EUV line patterns using Peak Force-Quantitative
Nano-Mechanical (PF-QNM) tapping mode AFM analyses
revealed a signicant reduction in the modulus and adhesion
magnitudes for higher resolution line patterns, which probably
account for the undesirable traits exhibited by the resist at
higher resolutions.
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