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Recent advances in non-chemically amplified
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While chemically amplified resists (CARs) have been dominating the semiconductor industries over the past
few decades, particularly in the area of computer chip fabrication, the replacement of such resists has been
realized in recent times as the CARs are approaching their resolution limit, and thus may not be able to fulfil
the market demand that the semiconductor industries are looking for, particularly for sub-20 nm node
technology using next generation lithography techniques. In this context, non-chemically amplified
resists (n-CARs) are being anticipated as potential replacements of CARs. In the case of n-CARs, the
photosensitive functionality is integrated into the resist backbone. Therefore, upon exposure to photons
of suitable energy, the photosensitive group undergoes photochemical changes resulting in polarity
switching between the exposed and unexposed regions. This polarity change helps in developing
patterns in the presence of a suitable developer. Therefore, external chemical amplification using
photoacid generators (PAGs) is not needed to bring in required polarity changes in the case of n-CARs.
As the n-CARs do not require any additional chemical amplification, they are devoid of the most serious
problem that almost all CARs face i.e. acid diffusion in the solid state causing considerable line-edge
roughness (LER) and line-width roughness (LWR). Recently, several research groups have designed and

developed various n-CARs with ultra-low resolution and LER/LWR. Although many n-CARs, sensitive to
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Accepted 19th July 2016 photons of various energies, have been developed over the last few decades for larger nodes (>60 nm)

the n-CARs development for patterning sub-30 nm features is at the plinth level. This review article will
focus on the recent developments in the area of n-CARs for sub-30 nm node technology using next
generation lithography (NGL) techniques.
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1. Introduction

Since the invention of computers, efforts have been directed
towards miniaturization of devices through development of
advanced materials and technologies to make the final elec-
tronic devices as small as possible. The development of an
integrated circuit (IC) has made it possible to make portable
computers with faster processing times." Now there is a race
against time to make the processing time even quicker. This
requires making the nanopatterns in the ICs much smaller. The

Satinder K. Sharma received the
Master of Science in Physics
(Electronic Science) from Hima-
chal Pradesh University, Shimla,
India, in 2002 and the Ph.D.
degree from Department of
Electronic Science, Kurukshetra
University, Kurukshetra, India,
WY in 2007. From 2007 to 2010, he
1 \ \ was a Postdoctoral Fellow at the

‘ DST Unit on Nanosciences,
\ | Dept. CHE, Indian Institute of

Technology (IIT) Kanpur, Kan-
pur, India. From 2010 to 2012 he worked as faculty in the Elec-
tronics and Microelectronics Division, Indian Institute of
Information Technology (HIT), Allahabad, India. From 2012
onwards, he has been working as faculty in the School of
Computing and Electrical Engineering (SCEE), at Indian Institute
of Technology (IIT), Mandi, (Himachal Pradesh), India. His
current research interests include micro & nano electronics circuits
design, polymer nanocomposite, sensors, photovoltaic and self-
assembly.

I
i

Pulikanti Guruprasad Reddy
received Master of Science
degree in Chemistry from Sri
Krishnadevaraya University,
Anathapur, A.P, in 2011. He
then joined in Ph.D program
under the guidance of Dr. Pra-
deep C. Parameswaran in
School of Basic Science, Indian
Institute of Technology (IIT)
Mandi, H.P, India in 2013.
Currently, he is working as
senior research fellow with Prof.
Kenneth E. Gonsalves and his interdisciplinary team for the
development of next generation integrated circuits (IC) at sub-20
nm nodes. His research interest includes polyoxometalates, crys-
tallography, self-assembly, organic-inorganic hybrids, lithog-
raphy, device fabrication and catalysis.

This journal is © The Royal Society of Chemistry 2016

View Article Online

RSC Advances

manufacturing of ICs typically includes a lithography process
(Fig. 1). The key ingredient for an efficient photolithography
process is the photoresist which in fact helps in controlling
ultimate feature sizes on silicon wafers.>” These photoresists
are the molecular or macromolecular chemical entities. They
could be pure organic or organic-inorganic hybrid or organo-
metallic or pure inorganic systems with high photosensi-
tivity.”* Depending upon their solubility in developer solution
after exposure to suitable radiation, the resists have been clas-
sified into two categories, viz. positive and negative tone resists.
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Fig. 1 General schematic representation of lithographic imaging
process.

Upon irradiation of the resist materials with the light of suitable
wavelength, if the portion which is exposed to the radiation
becomes insoluble in developer solution, then the resist is
called a negative tone photoresist. However, if the exposed
region becomes soluble in developer, then the resist is called
a positive tone resist (Fig. 1).°>* Researchers have developed
several positive and negative photoresist materials over the last
few decades for semiconductor industries.®** Whereas the
current market size of these materials is $3.2 Bn, the projected
market size by 2020 is ~$5 Bn. Till date, CARs have been
dominating the semiconductor industries, and have been
proven to be the only class of materials with high potential in
patterning nanofeatures in ICs.>*** But, it is now being antici-
pated that these CARs will fail to meet the market demand as
they are approaching their resolution limit particularly for sub-
20 nm technologies.'**** Given the huge market demand of
semiconductor industries, and considering that the CARs are
approaching their limits for patterning sub-20 nm features for
ultrasensitive IC chips for nanoelectronics, n-CARs are expected
to fulfil the market demand with their potential in patterning
sub-20 nm features with low line edge and line width roughness
(LER/LWR).>* The tangible development on new n-CARs for
sub-30 nm nodes has happened only in the last few years. These
n-CARs are either molecular or macromolecular (polymeric)
chemical entities.”> With these molecular and macromolec-
ular resists, sub-20 nm patterning has already been achieved
with very low LER and LWR. There are many key parameters
that need to be improved in order to address some issues
currently facing by academic as well as semiconductor industry
community. As the actual development is very fresh, and as it is
expected that n-CARs are going to replace current resist
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Fig.2 Schematic on the most common trade-off between the critical
parameters for sub-20 nm lithography technology.

workhorses, this field has enormous importance, both funda-
mental and commercial.®>* For CARs, the contest between
sensitivity, resolution and LWR has been called the ‘triangle of
death’ for sub-20 nm technology (Fig. 2).'>*>*® Although the aim
of every researcher has been to develop unique resists which
possess all these three properties simultaneously ie. high
sensitivity, excellent resolution and good LWR, majority of the
resists reported so far have compromised with at least one of
these properties even though other two have been achieved
successfully. This has been presented graphically in Fig. 2
indicating that the trade-off among these parameters has been
the major concern in the area of photoresists development and
efforts are being directed to eliminate these trade-offs with the
development of highly efficient resists. As these problems are
mainly associated with chemically amplified positive tone resist
materials, in recent times, attention has focused on the devel-
opment of n-CARs for future lithography nodes.

As the development of n-CARs for sub-30 nm nodes is in the
plinth level, this article will help in understanding the scientific
and commercial importance of these chemical systems. The
fundamentals as well as advanced information on recent
development will also help to design new resists with much
better performance to meet the market demand (projected in
the International Technology Roadmap for Semiconductor
Industries, ITRS-2015).*’

9-34

2. Non-chemically amplified
photoresists (n-CARs)

The n-CARs stand different from the CARs mainly at the mode
of polarity switching upon exposure. While for CARs the
difference in polarity of the exposed area from that of unex-
posed area is brought out by exposing the resist films either by
radiation or by light in the presence of externally added pho-
toacid generators (PAGs), for n-CARs, the PAGs or the photo-
sensitive units are embedded into the resists architecture, and
hence external chemical amplification is not needed."*?>*** As
the polarity switching is done internally without any need for
external chemical amplification, the resist formulations for n-
CARs are much simpler as compared to CARs.

In the last few years, wide ranging n-CARs have been devel-
oped with varying sensitivity for patterning smaller features (30
nm or beyond) with high degree of resolution. Depending on
their chemical composition and mode of patterning, the
following are the most common and efficient n-CARs.

This journal is © The Royal Society of Chemistry 2016
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2.1 Non-chemically amplified organic photoresists (n-
CAORs)

The n-CAORs typically contain light/radiation sensitive func-
tionality in their chemical architecture which eventually
undergoes photo-degradation when exposed to either radiation
(for example, electron beam) or suitable energy light. This
radiation or light mediated solid phase chemical modification
ultimately results in polarity change in the exposed region as
compared to unexposed region. So far, these n-CARs have been
reported to be either of polymeric nature or of dendritic nature
with relatively higher molecular weight. Efforts have been
directed to improve the sensitivity, resolution, LER/LWR of the
base-resists through chemical structure modifications. The
recently developed n-CAORs are categorized and described
below.

2.1.1 Non-chemically amplified positive tone organic
photoresist. Although negative resists dominated the semi-
conductor industries until 1970s largely because of the high
cost and poor adhesion properties of positive resists.**** But,
with the miniaturization of device size, the advantages of
positive photoresists were realized and they came into promi-
nence since 1980s.*7** Some of the major advantages of positive
photoresists are their better resolution, no swelling behaviour
during development, better etch resistance, superior edge
quality, high contrast and aspect ratios etc.*>*** They have
found special applications in electroplating processes, produc-
tion of printing circuit boards etc.>**” Literature has witnessed
the development of many positive photoresists over the years
with improved properties.

The following sub-sections will discuss recent developments
in the area of positive tone n-CARs, particularly for lower nodes.

2.1.1.1 Non-chemically amplified positive tone polymeric
photoresist. As it has been evaluated and reported that the
diffusive path-length of the protons or counterions generated by
the PAGs during exposure of CARs is in the range of 11-25 nm,
such diffusion becomes detrimental to patterned features as the
diffusion path length is a significant distance when compared
with the target dimensions of the features (20 nm or beyond)
patterned by EUV lithography.*®** Whittaker and co-workers
recently reported an innovative highly sensitive (4-6 mJ cm™?)
positive tone chain scission organic n-CAR platform with comb
architecture (Fig. 3) for patterning 30 nm or beyond features
(Fig. 4).*° The developed resists bear photosensitive sulfone
functionality which undergoes photodegradation upon expo-
sure with EUV photons, and brings in polarity difference
between exposed and unexposed areas.

Their design combines poly(olefin sulfone) backbone with
poly(methyl methacrylate) (PMMA) arms in order to increase
structural stability. Upon EUV exposure, the resist underwent
fast photodegradation with very high sensitivity. A mixture of
isopropyl alcohol and methylisobutylketone was used as
developer while patterning the silicon surface with the devel-
oped resists. They preformed head space mass spectrometry
studies to get insight into the degradation behavior of the of
resist materials under EUV irradiation. It was observed that the
poly(olefin  sulfone) backbone wundergoes preferential

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Chemical structure of the sulfone based non-chemically
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Fig. 4 AFM height images of 1:1 line-space patterns showing at
resolutions of 50 nm, 30 nm and 22.5 nm half-pitch. The corre-
sponding critical dimensions (CD), LER and dose to resist are shown on
the images. Reproduced from ref. 60 with permission from the Royal
Society of Chemistry.

photodegradation followed by depolymerization when irradi-
ated under vacuum conditions.

These experimental outcomes were further supported by the
grazing-angle total attenuated reflectance FT-IR (GATR-FT-IR)
spectroscopy which indicated that the peaks corresponding to
PMMA remained unchanged after irradiation with EUV photons
while those corresponding to the poly(olefin sulfone) backbone
decreased. All these experimental results reveal that the incor-
poration of sulfone functionality, as potential photodegradable
unit, into polymer backbone while designing new photoresists
for NGL might result highly sensitive materials. Eventually,
a large number of n-CARs have been developed through incor-
poration of sulfone functionality into polymer backbone.*>*
Later, the same group reported another interesting aqueous

RSC Adv., 2016, 6, 74462-74481 | 74465
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Fig. 5 Aqueous developable dual switching sulfone based positive
photoresists for 193 nm interference and electron-beam lithography.®*

developable positive tone resist platform which follows
a combined switching mechanism that includes both polarity
change as well as molecular weight change upon exposure with
photons and electron-beams (Fig. 5).°® In general, the conven-
tional photoresists rely on a single switching mechanism which
could be either a change in polarity or, molecular weight of the
polymer. In order to induce polarity change upon exposure with
radiation or light, photosensitive o-nitrobenzyl ester function-
ality was introduced into polymer backbone as pendant group.
Upon interaction with photons, the hydrophobic ester func-
tionality undergoes photochemical cleavage resulting in the
formation of hydrophilic carboxylic acid groups and thus brings
in changes in polarity. Whereas, the molecular weight switch
was achieved by introducing poly(olefin sulfone) into polymer
backbone which eventually undergoes photo-induced chain
scission (Scheme 1). The 193 nm interference lithography and
electron-beam lithography techniques were utilized to assess
the patterning potential as well as to determine the sensitivity of
these resist systems. The photodeprotection of nitrobenzyl
group was investigated by analyzing the GATR-FT-IR spectra of
light exposed thin film of these polymers. The same technique
was used to study the chain scission. Resolution of approxi-
mately 32 nm was achieved using e-beam lithography (Fig. 6). It
was also investigated in detail how the post exposure bake (PEB)
temperature affects LER of the developed patterns.

Given that the incorporation of suitable photosensitive
functionality into polymer backbone leads to desired polarity
change through solid state photochemical reaction upon
interaction with radiation or photons of suitable energy, it was
proved experimentally through the development of suitable
resist platform that the introduction of aliphatic tertiary
carbonates into polymer backbone may result in highly sensi-
tive chain scission positive tone photoresists for EUV lithog-
raphy (Fig. 7).* These polycarbonates were successfully used to
pattern nanofeatures with critical dimension (CD) 28.6 nm. The
polarity switching of these resists is mainly due to molecular-
weight switch when they interact with light.

The very well-known resist, poly(methylmethacrylate) (PMMA),
has been used extensively as non-chemically amplified positive
tone chain scission resist for patterning nanofeatures using e-
beam, liquid immersion interference and EUV lithography.®*°
Flanders reported the potential of PMMA in patterning 17.5 nm
features with line/space characteristics using carbon K X-rays (A =
4.5 nm) with the help of a proximity technique.®® The same resist
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Scheme 1 Schematic diagram of a poly(olefin sulfone)-based
photoresist that functions through both molecular weight and polarity
solubility switch.®®

Fig. 6 Top-down SEM micrographs of approximately 32 nm trenches
patterned in polymer B1. This figure has been reproduced from ref. 63
with permission from Wiley Online Library.

was successfully used for printing 19 nm line/space patterns
using EUV lithography.®® Although PMMA is known as e-beam
resist, Bloomstein et al. reported 27 nm line/space printing with
PMMA using liquid immersion interference lithography at 157
nm as patterning tool.*” Interestingly, PMMA has been used to
pattern features as low as 4 isolated lines using e-beam lithog-
raphy (Fig. 8).%® Such low size nanopatterns were developed using
a ultrasonically-assisted development process where a mixture of

This journal is © The Royal Society of Chemistry 2016
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Fig.7 Polycarbonates for EUVL. This figure has been reproduced from
ref. 64 with permission from Wiley Online Library.

water and isopropyl alcohol was used as developer. Hence, PMMA
is one of the most widely used n-CARs which shows sensitivity
toward many NGL techniques.

2.1.1.2 Non-chemically amplified positive tone molecular
photoresist. The lithography and associated techniques have
been proven to be the key technology for fabricating smart
devices for nanoelectronics.”***>*” In this regard, photoresists
have been the core materials to print electronic circuits on
silicon substrates. Majority of the exiting resists materials are
based on polymers largely because of their several advantages

Fig. 8 SEM image of 4 nm lines patterned by PMMA using e-beam
lithography. This figure has been reproduced from ref. 68 with
permission from American Institute of Physics.

This journal is © The Royal Society of Chemistry 2016
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that include amorphous character, flexibility and process-
ability.”*”® But their disadvantage is their large molecular size
which eventually affects line-edge roughness of the developed
patterns particularly for sub-20 nm node technology. To over-
come this issue, many research groups started developing
molecular resists with much smaller size. As the polymer
molecules are typically of the size of 3-5 nm, each sub-20 nm
node width will correspond to 5-6 polymer molecules. Hence,
the resolution and LER in the case of polymer resists are pre-
dicted to be inferior as compared to those of molecular resists
largely because of their larger size (Fig. 9).>* In addition to these,
it is expected that the molecular resists will not suffer from
intermolecular chain entanglement like polymers which even-
tually can lead to internal stress or swelling, and hence the
patterns distortion can be avoided in larger extent. Moreover,
one can expect smooth homogenous thin film formation onto
suitable lithography substrate as the molecular resists are
composed of identical molecules. One has to remember that the
molecular resist materials should be amorphous in nature so
that it does not crystallize on the time scale of use and should
form uniform amorphous film during lithography process.
Though large number of chemically amplified molecular resists
have been developed over the years,** non-chemically ampli-
fied molecular resists are small in number.

Henderson and co-workers reported new class of two
molecular positive tone n-CARs for DUV lithography (Fig. 10).>°
These resists were developed by introducing 2-nitrobenzyl
functionality as photosensitive protecting group into molecular
architecture. The photo-mediated deprotection of this func-
tionality ultimately converts the dissolution inhibiting chemical
entity into a dissolution promoter, and hence the exposed areas
get dissolved in a polar developer making these resists as

Exposure
Polymer resist

;Ouﬁ o;' ‘.
IR <o

-

Molecular resist

Developing

Polymerresist
u‘»’a.
u@sct\‘@.’é‘

Molecularresist

Small roughness Large roughness

Fig.9 Schematic diagram of patterning properties of molecular resist
and polymer resist.?®
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Fig. 10 Chemical structures of positive tone molecular n-CARs for
DUvL.2?®

positive tone molecular resists. Whereas, one resist was devel-
oped based on deoxycholic acid (NBnDch), the other one was on
aromatic platform bearing two phenolic groups (NBnHPF). The
NBnHPF was found to be more sensitive to DUV photons than
NBnDch. The most important development was a unique resist
formulation with a calixarene dissolution promoter which
exhibited extremely low dose-to-clear value of only 1 mJ cm ™2 It
is worth mentioning that despite of their excellent DUV sensi-
tivity, they were found not to possess high sensitivity when
exposed using extreme ultraviolet or e-beam exposure sources.

Ito et al. reported o-nitrobenzyl phenol ether (NBP) based
non-chemically amplified positive-tone molecular photoresist
which possesses potential for printing half-pitch (hp) 32 nm
line and space (L/S) patterns with lower line edge roughness
(LER) when patterning was done using near-field lithography.*
Although the sensitivity of this resist was not very high in terms
of the dose required for patterning, NBP was successfully used
to print 22 nm L/S features with 10 nm depths.
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Fig. 11 Chemical structures of negative tone polymeric n-CARs 121478
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2.1.2 Non-chemically amplified negative tone organic
photoresist. The importance of positive tone photoresists has
been well investigated and documented in the literature
through their novel applications particularly in fabricating wide
ranging devices. They are being used extensively in semi-
conductor industries for ICs fabrication. However, the use of
negative tone photoresist has been reported to be essential for
certain applications, for example, the fabrication of permanent
polymeric nanostructures for microfluidics and integrated
optics.”*7°

Hence, the development of negative tone resists is highly
essential for specialized applications. Though a large number of
positive resists are available in the literature,*** the number of
negative resists is relatively less.’**** The following sub-sections
will deal with the recent development on negative tone n-CARs.

2.1.2.1 Non-chemically amplified negative tone polymeric
photoresist. As the aqueous developable resists” with patterning
potential for sub-20 nm features are more desirable, recently the
possibility of using well known photosensitive functionality,
triflate ion, as light/radiation mediated polarity modulator was
explored extensively. Its incorporation into resists architecture
led to the formation of ionic highly polar negative tone n-CARs.
In this endeavor, a library of sulfonium based non-chemically
amplified negative tone photoresists with varying polymer
microstructures for e-beam and EUV lithography was success-
fully developed (Fig. 11)."*® It has been shown that some of
these polymeric resists materials can pattern 20 nm 1 : 1 line-
: space features (Fig. 12) with ultralow LER that varies from 1.8
+ 0.3 to 2.3 £ 0.4 nm."™" The polymer microstructures have
been found to play an important role in improving the sensitivity
as well as resolution potential.”>™* For example, the

OH
® ®
/Se\ /sé\
CF;804 CF3S0;

Poly (STYOH-CO-MAPDST)

Poly (MANTMS-CO-MMA)
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polymerization of (4-(methacryloyloxy)phenyl)dimethylsulfo-
niumtriflate (MAPDST) led to the development of poly-
(MAPDST) homopolymer which was found to be sensitive to
e-beam radiation as well as extreme ultraviolet (EUV) photons,
and to have potential in patterning 20 nm L/S features with very
low LER/LWR.* The sensitivity was calculated to be ~90 m]
cm 2. The incorporation of methylmethacrylate unit into poly-
MAPDST backbone as dissolution inhibitor led to the develop-
ment of a copolymer, poly(MAPDST-co-MMA), with much
improved sensitivity (Fig. 11). These resists were investigated to
have very high etch resistance with respect to silicon substrate.
The etch resistance was much higher than many commercial
resists. As the thermal stability is an important parameter for
any photoresist to be used for lithography applications, we have
successfully shown that the inclusion of ferrocene functionality
into polymer backbone as pendant organometallic unit leads to
better thermal stability with improved sensitivity of the resulting
copolymer, MAPDST-FMMA as compared to the polyMAPDST."
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To understand in depth with experimental evidences the
photo degradation of these negative tone resists upon exposure
with EUV photons, the resists were exposed with synchrotron
radiation (SR) at the Brazilian Synchrotron Light Source (LNLS),
Campinas, Brazil. The XPS spectroscopy was used to prove the
surface chemical changes of poly MAPDST thin film after irra-
diation. The changes in the surface chemistry with the irradi-
ation time can be seen clearly in the HR-XPS spectra of C 1s
envelope (Fig. 13)." The C 1s HR-XPS spectra revealed clear
change in the surface chemistry of the poly MAPDST film upon
irradiation at 103.5 eV. Whereas, the untreated films showed
typical signals corresponding to the aliphatic and aromatic
contributions (C-C/C-H), C-O, COO and CF; functionalities,
after one minute of irradiation the CF; and COO contributions
in the XPS spectra almost disappeared. Also, the C-O contri-
bution was strongly affected by the SR light. The CF; (from
triflate) and the ester groups seemed to be the weakest parts in
the poly MAPDST composition.
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Fig. 12

(a) AFM surface topography image of 2.4 x 2.4 um area for non-chemically amplified MAPDST-MMA copolymer resist. (b) 3D images of

MAPDST copolymer resist patterns with the regular space 25 nm (left) and 20 nm (right path). (c) The depth profile analysis and section

investigation. Adapted with permission. Copyright 2014 SPIE Journals.**
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Fig. 13 High-resolution XPS spectra of the C 1s envelope of the
MAPDST homopolymer films before irradiation and after 1 and 5 min of
SR irradiation at 103.5 eV. Adapted with permission. Copyright 2015
American Chemical Society.*

The complex nanofeatures are gaining utmost interest in the
area of high-density magnetic recording, photonic crystals,
information storage, micro-lens arrays, tissue engineering, and
catalysis. Photoresists are used extensively to develop wide
ranging complex nano-features. Very recently, we reported the
potential of poly MAPDST in patterning highly ordered complex
nano-features that include nanodots, nanowaves, nanoboats,
nanopillar and star-elbow features (Fig. 14, 15 and 16 (A & C))
using EUV lithography. Some of these features i.e., nanopillars
and star-elbow features were further characterized by atomic
force microscopy (Fig. 16(B & D)).** The AFM images revealed
that the patterns were fully developed up to the silicon surface.
We also have shown successful pattern transfer by adapting
compatible etch recipes into silicon substrate using
polyMAPDST."

Barrios and co-workers reported recently an innovative resist
platform, poly(2-hydroxyethyl methacrylate-co-2-methacrylamidoethyl
methacrylate) (P(HEMA-co-MAAEMA)) (Fig. 17), for e-beam
lithography with ultrahigh sensitivity (0.5 nC cm™?) and a low

Fig. 14 (A) FE-SEM images of highly dense arrays of 60, 50, 45, 40, 36
and 34 nm dots; (B) higher magnification (60k) images of nanodots
(EUV dose 88.19 mJ cm™2). Adapted with permission. Copyright 2016
Nature publishing group.*®
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Fig. 15 (A) FE-SEM images of EUV exposed nanowaves and nano-
boats; (B) higher magnification images (magnification: 120 k) of
nanowaves; (C) higher magnification images (magnification: 120 k) of
nanowaves and nanoboats (EUV dose 88.19 mJ cm™2). Adapted with
permission. Copyright 2016 Nature Publishing Group.*®

contrast of 1.2.7 The sensitivity of this novel system was calcu-
lated to be one order of magnitude less than those of many
commercially available CARs. All these exciting properties make
this resist system ideal for creating organic and inorganic 3D
micro-nano-structures. XPS measurements were performed to
understand in depth the structural changes that happened upon
electron irradiation (Fig. 18). Thorough characterization
revealed the formation of new bonds and no change in chemical
composition upon electron exposure. As etch resistance of any
new resist is an important parameter, this resist showed
remarkable adherence to silicon substrates without the assis-
tance of adhesion promoters or thermal treatments and, high
resistance to both dry as well wet etching with respect to silicon.
Interestingly, varying exposure doses tuned the chemical reac-
tivity of this copolymer composition, and hence the same resist
was successfully used as negative as well as positive tone resist.

As they are known for their sensitivity toward electron-
beams, ZEP brand resists have also been used extensively as
both positive and negative tone resists for printing sub 30 nm
nodes by tuning the developing conditions.*** Using a suitable
developer, the sensitivity of ZEP-520A has been achieved as low
as 2.6 pC cm 2.

2.1.2.2 Non-chemically amplified negative tone molecular
photoresist. The importance as well as the need of molecular
resists has been described in one of the previous sections.
Similar to positive tone molecular n-CAR, only few negative tone
molecular n-CARs have been successfully developed and re-
ported in the literature.

Given that the resist materials with potential in patterning
less than 10 nm features are expected to be useful for quantum
device applications, Fujita and co-workers reported utilization
of a calixarene derivative, hexaacetate p-methnylcalix[6]arene
(MC6AOAC) (Fig. 19(a)), as a negative tone n-CAR for electron-
beam lithography.® They successfully patterned sub-10 nm
features on Ge substrate with little side roughness (Fig. 20(a)).
Interestingly, the resist showed high durability to halide plasma
etching which allowed efficient pattern transfer to Ge resulting
in the fabrication of almost defect free 7 nm nanowires
(Fig. 20(b)). The sensitivity of MC6AOAc was evaluated to be 20
nC cm ™ with a beam current of 100 pA at 30 kV acceleration

This journal is © The Royal Society of Chemistry 2016
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(A) FE-SEM images of EUV exposed nanopillars; (B) 3-D view of AFM images of nanopillars; (C) FE-SEM images of star-elbow features; (D)

3-D view of AFM images of star-elbow features (EUV dose 88.19 mJ cm™2). Adapted with permission. Copyright 2016 Nature Publishing Group.1s

P(HEMA-co-MAAEMA)

Fig. 17 Chemical structure of poly(HEMA-co-MAAEMA).”®

voltage. Also, being a molecular resist with molecular weight
972, its monodispersity helped in forming very smooth film
with surface roughness less than 2 nm.

Later, in addition to MC6AOAc, Fujita group showed
the utilization of another negative tone molecular n-CAR,
5,11,17,23,19,35-hexachloromethyl-37,38,39,40,41,42-hexa-
methoxycalix[6]Jarene (CMC6AOMe) (Fig. 19(b)) for nano-
patterning using electron-beam lithography."* Both the resists
were established to be high-resolution negative resists with
potential in patterning highly dense arrays of dots of 12 nm

This journal is © The Royal Society of Chemistry 2016
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Fig. 18 XPS [C 1s (left) and O 1s (right)] spectra of an unexposed

P(HEMA-co-MAAEMA) film and an irradiated (dose 1/4 10 mC cm™2)

poly(HEMA-co-MAAEMA) area. Reproduced from ref. 79 with
permission from the Royal Society of Chemistry.
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Fig. 19 Chemical structure of (a) MC6AOACc and, (b) CMC6AOMe
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Fig. 20 Pattern transfer to Ge, (a) SEM image of resist pattern on Ge,
and (b) SEM image of transferred Ge pattern. This figure has been
reproduced from ref. 9 with permission from American Institute of
Physics.

diameter with 25 nm pitch. Hence, MC6AOAc and CMC6AOMe
were hypothesized to be promising materials for nano-
fabrication. The doses employed for fabricating the nano-
features are 7 mC ecm ™2 for MC6AOAc and 700 uC cm™? for
CMC6AOMe, and the spot dose was calculated to be 10> elec-
trons per dot for both calixarene resists.

As further exploration of calixarene based negative tone n-
CARs, Solak and co-workers experimentally established that p-
chloromethyl-methoxy-calix[4]arene can be used for patterning
12.5 nm lines with line/space features using EUV lithography
(Fig. 21)." The sensitivity of this calixarene resist has been re-
ported to be 120 mJ cm™> and smooth lines were obtained at
a dose of 400 mJ cm™>. Cross section images of 16.25, 17.5, and
20 nm half-pitch gratings, obtained with a scanning electron
microscopy, show fully cleared spaced and sharp profiles with
apparently vertical side walls (Fig. 22). Most importantly, no
significant top loss was observed.

Henderson group reported an efficient water developable
negative tone molecular resist, (tris(4-hydroxy-3,5-dimethylphenyl)-
sulfonium tosylate) (TAS-tBoc-Ts), for e-beam lithography (Fig. 23)
for patterning 40 nm features with 1 : 2 line/space characteristics.*
They have shown that the resist can be used as positive tone resist
by changing the post-exposure bake temperature. The resist TAS-
tBoc-Ts was evaluated to have sensitivity of 66 pC cm > and
contrast of 7.9 when the imaging experiment was performed under
100 keV e-beam and using water as developer. The patterns were
developed completely and no leftover of resist residue after
developing was observed.

74472 | RSC Adv., 2016, 6, 74462-74481
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(a) 20 nm half-pitch

(b) 17.5 nm half-pitch

@l (c) 16.25 nm half-pitch (d) 12.5 nm half-pitch

Fig. 21 Top-down SEM micrographs of line/space patterns in calix-
arene with half-pitches of (a) 20 nm, (b) 17.5 nm, (c) 16.25 nm, and (d)
12.5 nm. This figure has been reproduced from ref. 10 with permission
from American Institute of Physics.
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Fig. 22 Cross-section SEM images of calixarene patterns with half-
pitches of (a) 20 nm, (b) 17.5 nm, and (c) 16.25 nm. This figure has been
reproduced from ref. 10 with permission from American Institute of
Physics.

Fig. 23 Molecular structure of (tris(4-hydroxy-3,5-dimethylphenyl)
sulfonium tosylate) (TAS-tBoc-Ts).8*

This journal is © The Royal Society of Chemistry 2016
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Fig. 24 Chemical structure of 1,2-naphthoquinone-2-diazido-5-
sulfonyl functionalized p-tert-butyl-calix[4]resorcinarene.®

Another innovative dual tone molecular n-CAR composition
was developed and reported by Ober group.®® The resist struc-
ture is based on a cyclic phenolic core functionalized by
peripheral well-known DNQ units resulting in a dendritic
structure (Fig. 24). While exposure with a 405 nm light source
resulted in the formation of positive tone images, the negative
tone images were formed upon exposure with e-beam mainly
due to cross linking.

2.2 Non-chemically amplified inorganic photoresist

Though organic polymeric materials have been widely used as
soft resist materials for patterning high resolution features,
many of such resists exhibit poor etch resistance with respect to
silicon substrate. Therefore, inorganic resists have been
explored for high resolution lithographic applications as they
exhibit better etch resistance and contrast. Earlier examples of
inorganic resists developed for high resolution e-beam litho-
graphic applications include metal halides such as LiF, AlF;,
NacCl etc.**® Some of these metal halides exhibit dissociation
into metal and halide components on e-beam exposure, while
some others exhibit volatilization in the exposed areas resulting
in the formation of a positive relief structure requiring no
further development steps. In order to improve the sensitivity of
such self-developing inorganic e-beam resists, Fujita et al
explored doping using a novel multi-target ion beam sputtering
method.*® Using this technique, they deposited AlF; films
doped with LiF. High resolution 5 nm lines at 30 nm pitch were
attained using a line dose of 100 nC em ™ *; however, the pattern
transfer to the substrate was poor in this method. In general,
the metal halide resists required higher doses, ~1-100 C m™?,
and there were also issues with their film coating methods
limiting their large scale applications in lithography.

Many researchers have reported high resolution patterning
using metal oxide (AlO,, TiO,, ZnO etc.) based resists. Films of
these oxides are generally prepared either through sputtering or
through spin-coating methods. Spin-coatable Al,O; resists
prepared from aluminum tri-sec-butoxide, Al(OBu®); and acety-
lacetone in isopropyl alcohol acted as negative tone resists and
exhibited 10° times more sensitivity to an e-beam than the
sputtered AlO, resists. With spin-coatable Al,O; resists, e-beam
sensitivity and contrast of ~50 mC cm™> and 7 respectively,

This journal is © The Royal Society of Chemistry 2016
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have been achieved.*® Taking this concept further, the same
group has prepared spin-coatable TiO, resists by chemically
reacting titanium n-butoxide with benzoylacetone in methyl
alcohol. These resists showed electron beam sensitivity of ~35
mC em > and are >107 times more sensitive to an e-beam than
sputtered TiO, and crystalline TiO, films. Exposure to e-beam
results in gradual removal of the organic materials from these
resists making the exposed portion insoluble in organic
solvents there by providing high-resolution negative patterns as
small as 8 nm wide.*® High-resolution patterns as small as 7 nm
with an aspect ratio of ~10 have been achieved by the same
group using a negative tone zinc naphthenate e-beam resist.
The lines exhibited very small line edge roughness with fluc-
tuations of about 2.8 nm. Heating the structures at 500 °C
resulted in reduction of feature sizes to ~5 nm due to the
decomposition of the organic component resulting in the
formation of crystalline ZnO.°* Although the spin coated metal
oxide resists exhibited several advantages such as low LER,
reproducibility, pattern control etc., drawbacks like instability
of the pattern and low throughput prevented their widespread
use for nano-lithographic applications.®

During the last decades, hydrogen silsesquioxane (HSQ) and
its derivatives have become potential candidates for high-
resolution e-beam resist application.”>*” Namatsu et al. discov-
ered the application of HSQ as negative tone resist for EBL in
1998.”° During e-beam exposure, the Si-H bonds in HSQ are
proposed to break and get converted to silanol (Si-OH) groups in
the presence of absorbed moisture in the film. The instability of
silanol groups leads to condensation and break-down of the
cage-like structure of HSQ forming linear networks. HSQ is
currently a commercially available high resolution non-
chemically amplified negative tone inorganic resist. The attrac-
tion of HSQ resist includes its small line edge roughness, high
etch resistance and small molecular size. Word et al. achieved 6
nm wide isolated lines and gratings of 27 nm pitch in 30 nm
thick HSQ films using 50 keV e-beam lithography.*® Grigorescu
et al. reasoned that the resolution of HSQ based resists can be
improved by using thinner layers and by optimizing the devel-
opment processes. Using 100 keV e-beam lithography, they re-
ported isolated 6 nm wide lines in 20 nm thick HSQ layers on
silicon substrates and 10 nm dense lines and spaces in a 10 nm
HSQ layer at doses of 5.5 and 33 mC cm . In addition, experi-
ments performed on development processes by using a KOH
based developer resulted in 7 nm wide lines.”” Apart from HSQ,
other inorganic spin-on silica based systems reported in the
literature exhibiting lower LER values include Nano Imprint
Mold Oxide-Positive tone 0701 (NIMO-P0701) and Accuglass
512B. NIMO-P0701 was explored as a positive-type inorganic e-
beam resist in combination with low-acceleration-voltage EBL.
NIMO-P0701 pre-baked at 300 °C exhibited a sensitivity of 200
uC em ™2 at 4 kv and showed resolvable pattern of 40 nm at 4 kv.
LER of Accuglass 512B was 6.78 nm, but NIMO-P0701 exhibited
an improved LER of 5.77 nm.***

Although HSQ has gained attention as state of the art non-
chemically amplified inorganic EBL resist material exhibiting
many desirable properties including high resolution patterning,
high etch resistance, low LER etc., its widespread use as resist
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material is limited by low sensitivity, short shelf-life and storage
problems.®” Looking for improved resist systems, Stowers et al.
have developed aqueous solution based inorganic non-
chemically amplified resists based on hafnium and zirconium
oxides. These systems showed patterning capabilities at higher
resolution and significantly lower doses compared to HSQ.
Resist sensitivities as low as 8 pC cm ™2 have been realized with
a 30 keV e-beam. At higher exposure doses, 15 nm lines and 36
nm dense features have been achieved with LER of ~2 nm.
These resists also exhibited excellent etch resistance, >7 x that
of thermal SiO,.'” Thrun and coworkers have investigated two
hafnium oxide sulfate based inorganic non-chemically ampli-
fied photoresists XE XE15CB and XE15IB. These resists, spin
cast from aqueous solutions, differed in sensitivity and resolu-
tion but exhibited high etch resistance thus showing potentials
as candidates for e-beam and EUV lithography. XE15IB showed
high resolution with dose and contrast comparable to HSQ;
meanwhile XE15CB showed high resolution and sensitivity
(>2x), but with a reduction in contrast. Both resists were able to
resolve large 30 nm half pitch 1 : 1 dense patterns and also large
SRAM patterns with 22 nm feature size.'* Keszler group recently
reported an inorganic system, Hf(OH)s_ sy 2,(02)x(SO4),- gH,O
(HafSO,), as non-chemically amplified aqueous developable
negative tone inorganic resists for patterning sub 20 nm
features. They have been successful in patterning series of 9 nm
lines with variable spacing.'” Using negative tone non-
chemically amplified inorganic resists HSQ and Inpria
XE151B, Mojarad et al. have achieved dense periodic structures
with sub-10 nm half-pitch (HP) features. HSQ exhibited better
performance in terms of resolution and they were able to obtain
HP = 7 nm structures which is claimed to be the highest reso-
lution achieved using optical lithography so far. Reaching such
high performance has been attributed to factors like unique
chemical composition of the resists, high quality of the illu-
mination and diffraction optics used and to the mechanical
stability of the exposure instrument.'*

2.3 Non-chemically amplified organic-inorganic hybrid
photoresist

Though many organic n-CARs have been reported to show good
resolution as well as low LER, many of them suffer from poor
sensitivity. To address this drawback, researchers are devel-
oping organic inorganic hybrid n-CARs as alternative resist
platforms through incorporation of inorganic components into
organic resist matrices, either covalently or non-covalently. In
addition to increased sensitivity, incorporation of inorganic
units also improves the etch resistance and resolving power of
the resist. Inorganic components like metal nanoparticles are
known to enhance the optical density of the system as
compared to pure organic resist matrix, thus enhancing the
photon absorption. The development of organic-inorganic
hybrid resists therefore allows appropriate combination of
resolution, contrast and sensitivity.

In recent years, a considerable amount of research work has
been focused on the development of organic-inorganic hybrid
nano-composites as photoresists. One of the major drawbacks
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of inorganic resist material HSQ is its low sensitivity which
worsens the low throughput problem of EBL. Lack of long-term
chemical stability caused by the reactivity of Si-H bond leading
to poor shelf life is another problem with HSQ resists.®”> Yoon
et al. have developed novel organosilicate polymers as high
resolution e-beam resists for potential volume manufacturing.
Norbornene and chloromethylphenyl moieties have been
embedded into organosilicate copolymers to improve the
sensitivity and stability as compared to HSQ. Through this
modification, they achieved high resolution line gratings (15
nm in width) at half the exposure dose required for HSQ with
good LER.* Brigo et al. have developed a phenyl-bridged poly-
silsesquioxane (ph-PSQ) resist material for high resolution EBL
applications. The resist exhibited interesting switching behav-
iour from negative to positive tone on application of a post-
exposure bake (PEB). The negative tone behaviour is caused
by the etch rate difference between silanol groups and cross-
linked silica present in unexposed and exposed areas of the
films respectively. The etch rate difference between thermally
densified cross-linked silica network and cage-like silica struc-
tures as a result of PEB allows to reveal the pattern in positive
tone. Dense patterns down to 25 nm half-pitch and isolated
structures down to 30 nm have been realized by exploiting the
resist in positive tone, while dense patterns down to 60 nm half-
pitch have been achieved in the negative tone. Tests of dry
etching resistance showed optimized 1:9 selectivity for the
positive tone and 1:12 for the negative tone with respect to
silicon substrates. As the resist does not need chemical ampli-
fication, it allows improved film storage and post-exposure
stability.'**

Ober and coworkers have developed some remarkable hybrid
nanocomposites as photoresists by combining appropriate
photopolymers with HfO, nanoparticles stabilized with selected
organic ligands.?>****” HfO, nano particles are expected to
possess high refractive index and low absorbance as HfO, is
known to have a high refractive index at the lithographically
useful wavelength 193 nm. In addition, HfO, possesses many
additional properties useful for high resolution lithography
such as high dielectric constant, large band gap and good
thermal and chemical stability. It was envisaged that the
refractive index mismatch between the particles and host
matrix can be minimized by the use of nano-meter sized parti-
cles and the composites made up of nano-sized particles in
a polymer matrix will ensure high transparency and high
refractive index. By controlled loading of HfO, nanoparticles
stabilized with (S)-(+)-tetrahydrofurfuryl-O-O’-diacetyl-(2R,3R)-
hydrogentartrate (TDHT) type ligands, the authors focused on
the enhancement of dispersion uniformity, high RI and low UV
absorbance of the resist while maintaining excellent high
resolution patterning performances. Dense 100 nm lines were
achieved using this nanocomposite photoresist by e-beam
lithography, (Fig. 25).>> Further, attachment of photo-
crosslinkable ligands to HfO, nano-particle core has led to the
creation of a transparent, high refractive index inorganic
photoresist with significantly higher etch resistance. This resist
showed superior resolution with both e-beam and 193 nm
lithography, producing sub-50 nm patterns. The photoresist

This journal is © The Royal Society of Chemistry 2016
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Fig. 25 (a—c) Various steps involved in the synthesis of HfO,—TDHT hybrid nanoparticles; (d and e) AFM images and SEM images of nano
composites of HfO,—-TDHT with photoactive polymer patterned by e-beam lithography. Reproduced from ref. 22 with permission from the

Royal Society of Chemistry.

also exhibited a high refractive index, reduced line edge
roughness (LER) and superior etch resistance with 9 times the
etch resistance of PHOST.' The HfO, nanoparticle based
hybrid resists are also shown to be useful for EUV lithography,
where high resolution patterning (<30 nm) with very high
sensitivity and low LER has been achieved.'”’

Giannelis et al. studied the influence of surface organic
ligands on the physicochemical properties of hybrid photore-
sists. They studied HfO, nanoparticles surface modified with
three different acid groups like dimethyl acrylic acid (DMA),
methacrylic acid (MMA) and benzoic acid (BA). The size change
of these nanoparticles before and after 254 nm UV irradiation is
correlated to their EUV patterning performances. This first
attempt to elucidate the patterning mechanism by following
changes in particle size and therefore in the solubility/
dispersion properties of the hybrid resist may provide guid-
ance for the design and processing of high performance resist
materials.”

2.4 Non-chemically amplified organometallic photoresist

Given that metallic species improve optical densities of many
photoresist platforms, organometallics have been envisioned to
have potential as good resist platform with high etch resistance.
In recent years, organometallics have emerged as promising
materials for high resolution photoresist applications. The
following section will highlight some recent approaches
employed in this area to improve LER and sensitivity.

Groups of Brainard, Neisser, Ekinci etc. have developed
a large number of photosensitive organometallic molecular
entities and have demonstrated their patterning efficiencies
using e-beam and EUV lithography techniques. For example,
organometallic tin-oxo clusters having general molecular
formula [(RSn);,014(OH)s]X, have been demonstrated as high
resolution EUV photoresists for patterning 18 nm or beyond

This journal is © The Royal Society of Chemistry 2016

features.’®® The sensitivity of these tin-oxo cluster films were
explored by varying the counterions X and organic ligands R. A
detailed photochemical reaction study revealed that the EUV
sensitivity of tin-oxide films is well-correlated with the strength
of the carbon-tin bonds, and a homolysis of the carbon-tin
bond during exposure is hypothesized.

Exploring the organometallic tin-oxo clusters further, Brai-
nard et al. have reported the EUVL applications of mononuclear
organotin dicarboxylates of the type R,Sn(O,CR’),. Pure thin
films of these compounds were spin coated from solutions of
toluene followed by exposure to EUV and development with
organic solvents. Detailed contrast curve studies showed that
the photo-sensitivity is linearly related to the molecular weight
of the carboxylate groups as well as to the free radical stability of
the hydrocarbon group bound to tin. Some of these resists
showed exceptionally good LERs of 1.4 nm at 22 nm half-pitch
and 1.1 nm at 35 nm half-pitch patterning at high exposure dose
of 600 mJ cm™>. Although, some of these photoresists that used
olefin-based carboxylates demonstrated better photo-speeds up
to 5 m] cm %, in general, the sensitivity of many of these
compounds were poor.'” Expanding the concept of utilizing
high EUV optical density metals to increase the photon absor-
bance of thin resist films, Brainard et al. have developed a new
series of organometallic carboxylates of main group elements
for EUVL applications. The resists were of the general form
[RnM(O,CR’),] where M is a main group metal like antimony,
tin, tellurium or bismuth and the carboxylate group is acrylate,
methacrylate or styrene carboxylate; capable of free radical
polymerization. Some of these resists showed good sensitivity
printing 35 nm dense lines with 5.6 mJ cm™?, attributed to the
polymerization of olefins in the exposed regions. On comparing
various metals used in the study, it was noted that antimony
leads to highest sensitivity while tellurium leads to lowest
sensitivity. Detailed studies also revealed that the greatest
predictor of sensitivity in this class of compounds is their level
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of polarizable olefins. Accordingly, the authors have defined
Polymerizable Olefin Loading (POL) as the ratio of the number
of olefins vs. the number of non-hydrogen atoms in these resists
such that a plot of E.x vs. POL provides insight into the
behavior of the resist.'*® Continuing the work on molecular
organometallic resists, Brainard group have developed another
series of mononuclear metal carbonates and metal oxalates of
platinum and palladium (L,M(CO;) and L,M(C,0,4); M = Pt or
Pd) as EUVL resists (Fig. 26). The metal carbonates gave
negative-tone resists while metal oxalates gave positive-tone
EUV resist. Studies revealed that the palladium-based resists
are more sensitive than platinum-based resists and one of the
palladium based resists printed 30 nm dense lines at a dose of
50 mJ cm 2.

Recently, Zhang et al. have reported the EBL resist applica-
tion of an organometallic metal-carbonyl polymer, PFpP. The
backbone of this polymer was constructed from both P-Fe
metal coordination and Fe-C bonds. The molecular weight-
dependent solubility of PFpP together with the relatively weak
organometallic coordination bonds led to its desirable resis-
tance behaviour for high resolution patterning applications.
Preliminary results showed that PFpP is capable of patterning
lines with a width as narrow as 17 nm, see Fig. 27.*> Gonsalves
et al. reported hybrid organic-organometallic polymeric non-
chemically amplified photoresist materials containing
pendant ferrocene units and their applications in featuring 25
nm lines and complex nanopatterns using EUVL, see Fig. 28.
The resist materials were copolymers prepared from monomers
containing EUV sensitive sulfonium moieties. In this class of
resist materials, photon-directed polarity change at the sulfo-
nium center followed by scission of the polymer backbone
nullifies the requirement of chemical amplification while the
inclusion of organometallic species in the polymer micro-
structure improves thermal stability.*

(a) Negative tone resists

Ph Ph
Ph Ph Ph
Ph Py o ¢ 0 ¢ 0
NI o \_ 7/
E Pt >=o Pd Pd o
R" o R o R g
7\ /7 \ 7\
Ph Ph Ph Ph Ph Ph Ph  Ph
Emax:  No data 282 mj/cm? 605 mj/cm® 733 mj/cm?

(b) Positive tone resists

(o] Ph Ph

\ /
Pd
PH Ph

E,i T

PH Ph o PH Ph

Ey: >150 mj/em? 247 mj/cm? 110 mj/cm? 54 mj/em?

Fig. 26 Chemical structures of L,M(CO3) and L,M(C,0O4) complexes
for EUV sensitivity (where M = Pt or Pd). (a) Negative-tone behaviour of
platinum and palladium carbonates; (b) positive-tone behaviour of
platinum and palladium oxalates.**
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2.5 Non-chemically amplified polyoxometalate based
photoresists

While it is evident from the literature that the incorporation of
metallic species as well as metallic assemblies often improve the
performance of organic resist materials, Gonsalves et al
explored**** for the first time the use of polyoxometalates
(POMs)'* as potential enhancers of sensitivity, etch resistance
and thermal stability for e-beam and EUV resist applications.
Various Mo and W based clusters such as (TBA),[Mo0gO;o],
(TBA)s(H)[P,V5W;505,] and (TBA),[P,Mo0,504;] (Where TBA = tet-
rabutyl ammonium counter ion) have been incorporated into
PMMA matrix by blending the corresponding POM solutions with
standard PMMA solutions in 1:3 w/v ratio and evaluated its
lithographic properties using 20 keV e-beam for resist applica-
tions. 20 nm line patterns with 500 and 80 nm line spaces were
successfully observed in the case of (TBA),[M0sO,9]-PMMA
blends. Similarly, 20 nm line patterns with L/2 space were ob-
tained by using 50 pC cm™ > dose in the case of (TBA)s(H)
[P,VsW,506,] based resist. Down to 16 nm features were
successfully observed with L/S and L/2S at a higher dose, 70 nC
cm? in the case of hybrid containing the Mo based cluster
(TBA)4[P,M0,50¢;].>* The above results suggested the potential of
POM clusters as inorganic components in high resolution
photoresist applications. Inspired from these results, the same
group developed a POM containing e-beam and EUV resist in
which the POM unit is covalently attached to the organic polymer
backbone. Covalent attachment of the POM unit onto the main
polymer was expected to increase the stability, uniformity and
shelf-life of the resist. POM based hybrid monomers (TBA)s(H)
[P,V3W,5050{(OCH,);CNHCO(CH;)C=CH,}] and  (S(CH,),-
CsH,OCOC(CH;)=CHS,)s[PV,M0,(0,40] were developed by grafting
polymerizable organic units covalently or electrostatically onto
Wells-Dawson and Keggin-type clusters. Radical initiated poly-
merization of the above hybrid monomers with organic mono-
mers (methacryloyloxy)phenyldimethylsulfoniumtriflate
(MAPDST) and/or methylmethacrylate (MMA) yielded a new series
of POM/polymer hybrids, see Fig. 29. Preliminary tests revealed
that the POM/polymer hybrid of (TBA)s(H)[P,V3W;5050{(OCH,);-
CNHCO(CH3)C=CH,}] with MAPDST containing 2-3% of POMs
as sensitivity enhancer exhibited drastic enhancement in photo-
speed from 30 mJ cm 2 to 8 mJ ecm ™2 for 22 nm features under
EUVL, see Fig. 30.*° These preliminary studies therefore clearly
indicated the potential of various POM clusters in the develop-
ment of photoresist materials for high resolution lithographic
applications including e-beam and EUVL. The size of majority of
the POM clusters (~1 nm) is also suitable for such applications.
However, more detailed studies are required in this direction to
develop a high sensitive photoresist exhibiting low LER and high
etch resistance.

3. Challenges and future perspective

Overcoming RLS trade-off (R stands for high resolution, S for
sensitivity, and L for low line edge roughness) has been the
major challenge in the field of resist technology, and it will
remain as the key issue in the coming days as well, till a suitable

This journal is © The Royal Society of Chemistry 2016
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Fig. 27 SEM and AFM characterization of exposed line array patterns using PFpP resist. (a) 500 nm period, 17 nm line-width, exposed at 15 nC
cm™: (b) 500 nm period, 50 nm line-width, exposed at 150 nC cm™%; (c) AFM image of the array shown in (b); (d) AFM height profile showing a line
height of 45 nm; (e) 40 nm period; (f) 50 nm period. Reproduced from ref. 112 with permission from the Royal Society of Chemistry.
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Poly (MAPDST-CO-FMMA)

Fig. 28 (a) Synthetic protocol of ferrocene pendant hybrid polymer; (b) high resolution EUV exposure results for 25 nm lines with L/3S patterns
obtained using this polymer. Reproduced from ref. 19 with permission from the Royal Society of Chemistry.

solution is achieved. Any development in this direction which
addresses RLS trade-off simultaneously will be the most
remarkable development in the history of resists technology for
high volume manufacturing of IC chips. Considering the
existing data on some of the already developed high perfor-
mance resists and the problems associated with them, careful

This journal is © The Royal Society of Chemistry 2016

theoretical studies followed by experimental implementation
may find long desired remedy.

Although the multifold increment in sensitivity of many
resist platforms in presence of metallic nanoparticles or hybrid
metal clusters have been noticed and reported recently, the
effect of pure metal clusters or metal organic frameworks have
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Fig. 29 Synthetic scheme of polyoxometalate based hybrid monomer 2 and its polymerization with organic monomers to produce hybrid
photoresist materials. Adapted with permission. Copyright 2015 Wiley Online Library.2°

Fig. 30 EUV patterned 20 nm circular images with 70 nm space for
POM/polymer hybrid photoresist. Adapted with permission. Copyright

2015 Wiley Online Library.2°
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not been investigated yet. There are potentials in investigating
the effect of these inorganic species on resist performance.

4. Conclusions

In conclusion, this review article provides an overview of the
recent developments in the area of n-CARs, as potential
replacements of CARs, for printing sub-30 nm nodes. As the
CARs are approaching their limits in many aspects particularly
for sub-20 nm technology, researchers are expecting drastic
improvement in sub-20 nm technology with the use of n-CARs.
This article focuses on the compilation of all the exciting
developments, and thus provides an outline on where we stand
currently with these n-CARs. Although, in many occasions,
resolution and LER/LWR have been well controlled through
proper resists design, but sensitivity has still been the issue for

This journal is © The Royal Society of Chemistry 2016
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many developed n-CARs. As the n-CARs have been successfully
used for printing sub-10 nm features with low LER, further
improvements through structural modification of resists
architecture may help to address the longstanding ‘triangle of
death’ issue concerning resolution, sensitivity and LER. It is
worth noting that molecular n-CARs have been quite exciting in
terms of their resolution and LER.
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