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New Generation Electron Beam Resists: A Review
Anushka S. Gangnaik, Yordan M. Georgiev†, Justin D. Holmes*
Materials Chemistry and Analysis Group, Department of Chemistry and Tyndall National Institute,
University College Cork, Cork, Ireland and AMBER@CRANN, Trinity College Dublin, Dublin 2, Ireland

ABSTRACT: Semiconductor industry has already entered sub-10 nm region, which has led to the development of
cutting-edge fabrication tools. However, there are other factors that hinder the best outcome of these tools, such
as the substrate and resist materials, pre- and post-fabrication processes, etc. Amongst the most lithography
techniques, electron beam lithography (EBL) is the prime choice when a job requires dimensions lower than 10-20
nm, since it can easily achieve such critical dimensions in reasonable time and effort. When obtaining pattern
features in single nanometer regime, the resist material properties play an important role in determining the size.
With this agenda in mind, many resists have been developed over the years suitable for attaining required
resolution in lesser EBL writing time. This review article addresses the recent advancements made in EBL resists
technology. It first describes the different lithography process briefly and then progresses on to parameters
affecting the EBL fabrications processes. EBL resists are then bifurcated into their “family types” depending on
their chemical composition. Each family describes one or two examples of the new resists; and their chemical
formulation, contrast-sensitivity values and their highest resolution are described. The review finally gives an
account of various alternate next-generation lithography techniques, promising dimensions in the nanometer
range.
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THE PHOTOLITHOGRAPHY PROCESS

1 INTRODUCTION
Photolithography is the most commonly used
lithographic processes. It uses light of various
wavelengths to create desired patterns. Typically, a
suitable base substrate is coated with a thin film of a
polymeric substance called a ‘resist’. A photomask,
usually made of ~80 nm thick patterned chromium
metal layer deposited on a quartz plate, is held very
closely or pressed against the resist-coated substrate
and light of the desired wavelength is radiated on
the mask for a certain time interval. The areas of the
resist below the openings in the patterned
chromium layer are exposed to the light and the
irradiation brings about changes in the chemical
structure of the underlying resist material. In most
positive-acting resists, long polymer chains will
break down into smaller components, whereas in
negative-acting resists, polymer chains will crosslink
on exposure to irradiation to form longer polymer
chains. The substrate is then immersed in a specific
solution called ‘developer’ and the exposed areas are
selectively dissolved (positive) or remain insoluble
(negative) in the solution. Subsequently, the
substrate is ready for further processing, e.g.
etching, metal deposition, etc.

Nanotechnology is the art and science of shaping
matter in such a way that resulting structures
(nanostructures) have at least one dimension
between 1 and 100 nm. It covers a large range of
scientific fields from chemistry, physics, biology and
engineering to nanofabrication, surface science and
medicine. Nanotechnology research is also very
diverse and includes nanodevice fabrication,
molecular self-assembly techniques and generation
of new materials. Nanotechnology has enabled us to
achieve advanced, superior and powerful products
used for the betterment of human life.
One of the most prominent applications of
nanotechnology is in the semiconductor industry,
due to the miniaturisation of complex circuitry in
microelectronic devices. This scaling down of size
has pushed the scale limit of integrated circuits to
beyond sub-50 nm and hence demands for
fabrication methods with superior performance.
There are two fundamental approaches on the basis
of which nanofabrication is currently carried out:
Bottom-up and Top-down approaches.1 These two
approaches can be applied individually or in
combination. The top-down approach involves
carving out nanostructures from bulk substrates and
involves several processes, e.g. lithography
combined with additive/subtractive processes of
pattern transfer, such as thin film deposition,
implantation, diffusion, etching, etc. Bottom-up
approaches act in the reverse direction, i.e. the
nanostructures are formed by starting from
atomic/molecular elements, which are gradually
assembled until the desired structure is obtained
through processes such as self-assembly of
molecules, nanoscaffolding, etc.

Optical lithography is the most widely used
patterning technique in the integrated circuit (IC)
industry. During the past two decades,
photolithography has matured and improved its
capability to create very small features. However,
with the ever-increasing demand for newer
generation devices, the miniaturisation of device
components
has
rapidly
developed.
Photolithography, due to its diffraction limits is
unable to produce extremely small and densely
populated features much below 50 nm. The
diffraction effect from the mask openings and
reflection effects within the resist, degenerate the
quality of the obtained structures.2 Deep ultraviolet
(DUV) lithography has enabled to achieve resolution
down to sub-50 nm, by employing wavelengths of
193 and 248 nm. Large-scale integrated ICs are
currently fabricated by multiple exposures with
immersion DUV lithography, but then again the
equipment required is very expensive.3 Techniques
like extreme ultraviolet (EUV) and X-Ray
lithography have also been developed, which use
even shorter wavelengths than DUV, i.e. 13.5 and 10’s
nm (soft X-rays) down to 1 Å (deep X-rays),
respectively. However, these approaches require
complex and very expensive instrumentation.

The top-down approach is still the prevailing
technique in the micro- and nanoelectronics
industry. Nanolithography plays a central role in
this approach, where a stencil with the required
pattern is created usually in a sacrificial layer called
“resist”, deposited on the main working material,
like silicon (Si). There are various nanolithography
techniques including deep ultraviolet (DUV)
lithography, electron beam lithography (EBL), soft
lithography, nanoimprint lithography (NIL), X-ray
lithography, photon beam lithography (PBL) or
scanning probe lithography.

2
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1.2 THE
CHARGED
LITHOGRAPHY

PARTICLES

in academic and research environments due to its
flexibility and mask-less nature, very high (sub-10
nm) resolution as well as maturity and affordability
of equipment.

In order to overcome the shortcomings of
photolithography,
alternative
lithography
techniques have been developed that uses charged
particles instead of photons to create patterns.
Using charged particles such as electrons, ions, or
protons allows both patterning and imaging of a
substrate.
Whilst
photolithography
involves
‘flood-type’ exposure through a mask, direct writing
can be achieved with a narrow beam of charged
particles. This lithographic approach is a mask-less
method, wherein desired designs are generated on
computer software and then directly written with
the particle beam onto a substrate. The beam
sequentially writes the pattern, exposing point by
point at a time or one pixel per interval. A small
beam size, down to 1-2 nm, can be achieved by fine
focusing and adjusting the aperture through which
the beam passes. Due to the nature of charged
particles, unlike photolithography, diffraction issue
do not interfere with patterning thus yielding sub-20
nm size features very conveniently.

2 PARAMETERS
RESISTS

OF

ELECTRON

BEAM

The techniques hitherto discussed, all have a
common component without which they would be
futile processes, namely a resist. Resists are usually
polymeric materials that can be deposited on most
surfaces that are subjected to patterning e.g. with
photolithography or EBL. Many new commercial
resists have emerged lately with the aim of
improving resolution limits of lithography. In the
following section, new EBL resists introduced over
the last 5-6 years shall be discussed in detail.
Generally, a thin layer of the resist, ranging from
20-25 nm up to a micrometre is spin coated onto a
substrate. The resist are usually organic or inorganic
polymers and can be broadly classified into two
types with respect to their tones, i.e. positive or
negative. The electron beam irradiates the resist in
such a manner that after development the radiated
portion will be eliminated (positive tone) or will
persist (negative tone) on the substrate. The
patterning resolution of a polymer resist depends on
its chemical structure. Achieving the best possible
resolution with both positive and negative EBL
resists requires manipulation of many parameters.

The most extensively used charged particle
techniques are the electron beam lithography (EBL)
and ion beam lithography (IBL). As the names
suggest, the beam in the EBL consists of high-energy
electrons that are used to write the desired pattern,
whereas in IBL they are high-energy ions. Amongst
the two, EBL, like photolithography, is a resist-based
lithography. The EBL resists are specially formulated
to undergo chemical reactions once they are
exposed to high-energy electrons. IBL, on the other
hand, may be used both with and without resist,
since ions are much heavier than electrons and can
easily mill substrates like silicon (Si) or germanium
(Ge), carving the desired pattern. Both techniques
are thus capable of producing very small structures,
since the beams can be finely focused. However,
exposure of patterns pixel by pixel increases writing
time, especially for complex patterns with high
design densities. Therefore, the throughput of EBL
and IBL is low and hence these techniques are
mainly used in research and development (R&D) as
well as in small volume production and in industry
for photomask fabrication.

2.1 Contrast and Sensitivity
Contrast and sensitivity are the primary
characterisation factors to be taken into
consideration when choosing any resist. Contrast is
the property of a resist to differentiate between
exposed and unexposed areas. This is in turn
coupled with a property known as sensitivity, which
defines the extent of alteration in the resist material
with respect to the electron beam dose. An electron
dose is usually expressed in µC/cm2 and is the
number of electrons/electric charge per unit area
required to achieve the desired changes in a resist.4
Contrast and sensitivity together give rise to a
contrast curve of a resist which is obtained by
simply plotting the remaining resist thickness as a
function of increasing electron beam dose. The plot
shown in Figure 1 illustrates the contrast curves for a
positive and negative resist. The plot shows the
decrease (positive) or increase (negative) of the
remaining resist thickness versus the exposure dose.
According to the curve, the sensitivity is the dose
D100 at which the resist is completely developed (for
a positive resist) or reaches the full initial resist

In summary, although photolithography, in
particular the DUV lithography, is still the main
technique used for mass production in the
semiconductor industry, beam lithographies and
especially EBL is becoming increasingly widespread
and is the dominant nanolithography method used
3
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thickness (for a negative resist) and contrast is the
slope of the curve.

developer interdependency can immensely influence
the
contrast-sensitivity
balance.
Therefore,
sensitivity and contrast are properties not only of
the resist but rather of the certain couple resistdeveloper. For example, poly methylmethacrylate
(PMMA) is the most well-established and
extensively studied polymeric EBL resist. FTIR
studies have shown that upon irradiation, PMMA
chain-scission causes C=C bonds, which is soluble in
the developer.7 Scheme 1 illustrates the irradiation
induced reactions in PMMA. Other methyl acrylate
resists have also shown to follow similar chainscission path.8 Table 1 illustrates the effect on
contrast, sensitivity and the surface roughness of
PMMA resist having 950 K molecular weight (MW)
by varying development conditions.

Figure 1.
Typical contrast-sensitivity plots for
positive and negative EBL resists

Sensitivity and contrast are expressed by the
equation 1:5

γ =

1
D
log 100
D0

(1)

Scheme 1.
Schematic representation of the
mechanism of electron beam irradiation-induced
reactions in PMMA films.7

where γ is the contrast value, D0 is the highest
dose at which the resist is not yet affected by the
electron irradiation (for a positive resist its thickness
is still 100 % of the original thickness and for a
negative resist its thickness is still 0), whereas D100 is
the minimum dose at which the resist has
undergone a complete change of its chemical
structure.6 Ideally, a resist must possess a high
sensitivity and contrast. In reality however, an
increase in one parameter will result in a decline of
the other and vice versa. Hence, resists are often
tuned to have a good balance of both parameters.
Sensitivity of a resist varies with respect to resist
type, electron energy, developer solvents and
development conditions. Substrate materials to be
patterned also play an important role.

Table 1. Comparison of sensitivity, contrast
and surface roughness of PMMA (MW 950 K) for
different development condition obtained with
19 kV beam.6

Table 1 shows that isopropyl alcohol (IPA) and
methyl isobutyl ketone (MIBK) in a 3:1 ratio, which
is the standard developer for PMMA, exhibits a
higher sensitivity than pure IPA for all time
intervals. Conversely, the contrast is the highest for
PMMA developed in a single component developer,
IPA, for 5 s and is higher than IPA:MIBK by a

2.2 Developer Solvents
Besides the resist properties, developer solvents,
development time and temperature are among the
most important factors that govern the contrastsensitivity balance. Substrates, after the EBL
exposure, are developed in solvents that separate the
exposed from the unexposed resist. The resist4
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2.3 Temperature

difference of 3.3. Moreover, surface roughness of the
exposed area has also been reduced upon moving
from IPA:MIBK to pure IPA. These factors impact on
the lithographic performance of PMMA, as
demonstrated in Figure 2.
Figure 2(a) shows that the 50 nm gratings
achieved by an electron dose of 180 µC/cm2 at 19 keV
exhibit poorly defined structures when developed
with IPA:MIBK. With pure IPA, however, the 50 nm
gratings are very well resolved although the
sensitivity is reduced to 750 µC/cm2. Reduced
sensitivity but improved contrast is therefore
achieved using IPA as a developer, as opposed to
IPA:MIBK, for EBL lithography of PMMA resist.

Figure 3. Development temperature dependence of
(a) contrast curves for HSQ resist (100 kV) and (b)
variation of the contrast and saturation dose with the
9
development temperature in 2.5 % TMAH developer.

The temperature of a developer can also affect the
lithographic performance of a resist. Hydrogen
silsesquioxane (HSQ) is a negative tone EBL resist
having very high (sub-5 nm) resolution, high etch
resistance and is very stable during scanning
electron microscopy (SEM) inspection. In a study on
the temperature dependence of development
results, contrast curves for HSQ were obtained at
different temperatures in a 2.5 % TMAH
(tetramethylammonium hydroxide) developer. The
temperatures were varied from 20 to 50 °C and the
results are presented in Figure 3.9
Figure 3 shows that the temperature of the
developer has a considerable effect on the contrastsensitivity of HSQ resist. As the temperature is
raised from room temperature (20° C) to 50° C, the
contrast is improved but at the cost of reduced
sensitivity. The main reason for this is that warm
developers are more effective in dissolving the resist
molecules than the cold ones. Therefore, at room
temperature the developer is not able to dissolve the
resist areas that are partially exposed by forwardand backscattered electrons (only partially cross-

Figure 2. Scanning electron microscopy (SEM)
images of semi-dense line arrays in PMMA resist with a
50 nm linewidth. The arrays are exposed with dose of
2
2
(a) 180 μC/cm and (b) 750 μC/cm and developed with
(a) a IPA:MIBK 3:1 mixture for 30 s and (b) IPA for 5 s.
6

5
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2.4 Auxiliary Factors

linked), leading to good sensitivity (less primary
dose necessary to form a resist structure remaining
on the substrate) but poor contrast. At elevated
temperatures, however, the partially exposed resist
is completely dissolved, which results in lower
sensitivity (more primary dose necessary to form a
resist structure remaining on the substrate) but
higher contrast (better differentiation between
exposed and unexposed or partially exposed resist).

In this section supplementary important factors
that contribute to resist profiling are briefly
discussed. Technical restrictions arising from a
particular lithography tool also contribute to the
resolution of the resist. EBL systems are usually
designed with voltages from 1 to 30 keV, for
converted SEMs, and from 25 to 100 keV for
dedicated systems. The sensitivity and resolution of
a resist depends largely on the energy of the electron
beam. For any resist, the sensitivity decreases when
higher voltages are employed whereas the contrast
(resolution) improves. The main reason for this is
that slow electrons interact more readily with solids
and hence they expose the resist much more
efficiently than fast electrons. Therefore, resists are
more sensitive to irradiation with low-energy
electrons than with high-energy electrons. This is
clearly seen in the Bethe equation, which describes
the mean energy loss per distance of fast nonrelativistic electrons in solids:

In the case of a positive resist, the opposite effect
is observed, i.e. cooler developer solutions have
shown to improve the contrast immensely, however
negatively affecting the sensitivity.11 Here the reason
for this behaviour is again the same as with the
negative resists but working in the opposite
direction, since the electron exposure dissociates the
molecular bonds in positive resists, causing scission
of molecules, whereas it cross-links the molecular
bonds in negative resists, causing networking of
molecules. Therefore, at room temperature the
developer is able to dissolve the partially exposed
positive resist, leading to good sensitivity (less
primary dose necessary to remove the resist from
the substrate) but poor contrast. At low
temperatures, however, the partially exposed
positive resist is not dissolved by the developer,
which results in lower sensitivity but higher
contrast. Figure 4 illustrates the contrast curves of
the positive resist SML at different voltages
developed in a 7:3 ratio of IPA:water.10 Two
developer temperatures were employed, i.e. room
temperature and 0 °C. The plot shows that the
sensitivity of the resist developed at 0 °C is reduced
by 4 times compared to room temperature and the
contrast is moderately increased (by approximately
1.6 times).














 ln

.


,

(2)

where e is the electric charge of an electron, E is
the electron energy, ρeff, Zeff, Aeff, and Jeff are the
effective mass density, atomic number, atomic
weight, and mean ionisation potential of the target,
respectively. Since the energy loss of the electrons is
approximately proportional to E-1, the higher the
initial energy of the electrons, the less efficient is the
energy deposition in the resist.
Another important fact is that the electrons are
light particles and they are easily scattered in solids.
Therefore, when a resist is exposed to an electron
beam, it is irradiated by the primary electrons on
their first passage through the resist (forward
scattered electrons) as well as by electrons that have
already reached the substrate and are scattered back
into the resist (backscattered electrons).11 In
addition, secondary electrons generated by both
forward and backscattered electrons also irradiate
the resist. These phenomena leads to the fact that
the resist is exposed not only in the intended areas
but also in wide adjacent regions, causing a
distortion of the designed pattern known as a
"proximity effect".12 At low energies, e.g. 10 keV or
less, forward scattering is high, causing significant
widening of the electron beam. In addition,
backscattered electrons have a short range and are
confined around the point of incidence of the
electron beam causing substantial exposure of the
resist. Therefore, at low electron energies the

Figure 4. Contrast curves of SML 50 developed in a
7:3 ratio of IPA:water developer at cold temperature (0
10
°C) and at room temperature.

6
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proximity effect is relatively high and may lead to
considerable distortion of the exposed pattern.
Conversely, at high electron energies, e.g. 100 kV,
the proximity effect is relatively less pronounced
and the exposed pattern is usually closer to the
original design.

Resist roughness is influenced by various factors like
molecular weight of the polymer, the phase
separation and polymer aggregation it undergoes in
a developer solvent and irradiation dose. A bellshaped curve of the root mean square roughness
versus electron beam dose has been observed for
positive resists and has been explained as a result of
different rate of phase separation occurring at
various doses .14,8 Figure 6 is an example of the bellshaped roughness curve of PMMA resist developed
in 1:4 MIBK:IPA. The roughness can, however, be
controlled by appropriate choice of developer
solvent for a resist.

Thus, for low resolution and large structures, i.e.
micron sizes and above, low energy beams can be
used to reduce the exposure time. For critical highresolution patterns, however, high energies are
needed. For instance, Figure 5 illustrates a
germanium-on-insulator
(GeOI)
test
device
structure designed and patterned to measure the
resistance across a nanowire having a width of
20 nm. This device was fabricated at two different
exposures: the nanowires were fabricated at 10 keV
with a fine electron beam whereas the contact pads
were exposed at 1 keV with a large electron beam. At
10 keV the writing time for the large contact pads
would have been approximately 15 minutes, however
due to the lower voltage and the larger beam used
the writing time was reduced to 1 minute.

Figure 6.
Experimental contrast curve and
corresponding RMS roughness, for 2300 k PMMA
resist using dip development at 25 °C for 30 s with
1:4 MIBK:IPA exposed with 50 kV beam.14
Similar dependence of the root mean square
roughness versus electron beam dose has been
observed also for negative resists.15,16 Georgiev et al.
have found that HSQ roughness depends on the
developer
concentration
(in
this
case
tetramethylammonium hydroxide, TMAH) and
especially on the pre-exposure bake temperature. It
has been shown that a combination of a strong
developer with low baking temperature delivers low
HSQ roughness and is favourable for achieving high
resolution with this resist. Moreover, drying
processes after resist development and rinsing can
also have a significant impact on resist roughness.
For example, supercritical CO2 drying has been
shown to significantly reduce HSQ roughness and
improve stability of high aspect ratio lithographic
structures. 17

Figure 5. SEM micrograph of a test device on
germanium on insulator for measuring the resistance
across a 20 nm wide nanowire. (a) Low-resolution
contact pads and contacts are exposed with 1 kV beam;
(b) high-resolution 20 nm nanowire exposed with a
13
10 kV beam.

International
technology
roadmaps
for
semiconductors (ITRS) stated that the LER and
LWR should be less than 8% of the critical
dimension, since they can directly influence the
device performance.18 With the aggressively reduced
critical dimension in the current and future

Roughness of resists is another crucial resist
parameter. As the critical dimensions go into the
lower tens of nanometre, the line edge roughness
(LER) and line width roughness (LWR) become
crucial for the overall lithographic performance.
7
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semiconductor technology nodes, this requirement
is a significant challenge to resist performance.
Roughness is thus becoming an important leg in
nanolithography.

roughness. Therefore, it is by far the most widely
utilised EBL resist. PMMA with different molecular
weights can be used in various applications
involving EBL fabrication. Sub-10 nm resolution
structures have been demonstrated with PMMA
using high beam voltages and cold temperature
developments, thus requiring higher electron beam
doses.22 The positive resist ZEP was developed
around the end of 1980’s.23 Early studies showed its
commendable resolution, better etch durability and
sensitivity improvement (one order of magnitude) in
comparison to PMMA.24 However, over the last
couple of years the commercial value of ZEP has
risen by tenfold in Europe making it tremendously
more expensive than PMMA.25

3 EBL RESIST FAMILIES
EBL is a direct-write process and due to the
lightweight nature of the electrons, the beam cannot
engrave typically used substrate materials. Resists
are thus an integral part of an EBL process. The
resist pattern produces a stencil on the substrate,
which can be transferred into the substrate with
further fabrication processes. Over the years, many
new resists have been formulated to fulfil various
micro- and nanofabrication demands. Traditional
resists like PMMA, ZEP and HSQ are the most
commonly used ones due to their superior
lithographic outputs. This section will highlight new
classes of EBL resists that have been introduced
during the past 5-6 years.

Many new resists have emerged in the past few
years. Other than their lithographic perspectives,
aspects such as cost, shelf life, perilousness and
compatibility with
industrial semiconductor
processes need to be taken into account. Resists are
broadly classified into two divisions, positive and
negative, depending on their reaction upon e-beam
radiation. However, based on their chemical
structures, they can be further classified into
families, irrespective of their tones.

While
defining
electron
resists,
the
aforementioned words PMMA, ZEP and HSQ appear
regularly in the literature. Most of the literature
reports on resists, irrespective of resist tones, often
consider these resists as standard for resolution
comparison with new resists.4,9,10,19 HSQ (Dow
Corning) is the commercially available resist that
has provided the highest resolution EBL structures
down to sub-5 nm.20 HSQ is an inorganic material
belonging to the spherosiloxane family, with a low
dielectric constant (2.8).21 HSQ’s high-resolution
capability, ease of imaging post-exposure and etch
resistance are its prominent features. However, the
resist suffers from several drawbacks, such as a very
limited shelf life of up to 6 months and a necessity
to be stored at a temperature below 5 °C, thus
requiring a high standard of maintenance. HSQ is
extremely sensitive to moisture and hence the
interval between spin casting and exposure must be
as minimal as possible to avoid unsolicited
crosslinking of polymer molecules. From the
lithography point of view, the resist suffers a
relatively low sensitivity, e.g. an electron dose of
between 900-1000 µC/cm2 is required to generate a
50 nm wide line on Si at 10 kV, which eventually
increases the writing time in comparison with
PMMA (~330 µC/cm2) and especially ZEP (~120
µC/cm2). Thus, even though HSQ exhibits
commendable lithographic qualities, it is still a
difficult resist to handle.
a

3.1 Chemically Amplified Resists (CARS)
A family of resists known as chemically amplified
resists (CARS) emerged in the 1980’s as powerful
lithographic materials due to their supreme
sensitivity and resolution.26,27 These resists were
initially proposed and developed by IBM as
photoresists but are now also regularly used for
EBL.27 They are basically a blend of an acid reactive
polymer, such as an epoxy group based polymer, and
a photo-acid generator (PAG).28,29 They are also
formulated in the two tones of the resists. Upon
electron irradiation, the photo-acid is released
which catalyses further reactions without an
additional electron dose, thus enhancing sensitivity.
The substrate is then baked after exposure in order
for the released photo-acid to catalyse the resist
matrix.4 However, as device miniaturisation has
continued, several factors have affected the
resolution of CARS. Firstly, the non-uniform acid
diffusion and migration within the resist film during
post-exposure baking limits the critical resolution of
CARS.30,31 Secondly, as a result of acid diffusion,
roughness in patterned structures arises. Thus,
controlling acid diffusion is a priority to acquire
high-resolution feature sizes from CARS. One of the
methods used to overcome this problem was to
bond a PAG unit to the polymer sidechain, rather
than blending the PAG with the polymer.31 Thus,

PMMA is a well-established positive resist having
good balance of sensitivity, contrast and
8
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several polymer-bound PAG CARS have been
developed over the last few years.
Positive tone CARS have also been employed and
one of them recently used for EBL is 40TX. Such
resists, when employed alone, produced an almost
insoluble top layer due to the reaction between
photo-acid
evaporation
and
vapour
contaminants.33,34 Therefore, in a study a protective
coat was spun on the CA resist which was comprised
of
acidic
poly
(3,4-ethylenedioxythiophene)
poly(styrene-sulfonate) (PEDOT:PSS).35 Contrast
curves were generated for the resist at 20 keV using
the standard developer AZ® 726MIF in various
dilutions with DI water. The high sensitivity range of
this resist lies between 7-10 µC/cm2 and the contrast
varies from 7-14. The effects of various developer
dilutions on contrast-sensitivity values are given in
Table 2. The critical dimension (CD) of the resist in
this study was measured after a complete lift-off
process, hence the CD values were between 80 to
110 nm as shown in Table 1.2. Gold nano-gratings,
approximately 90 nm in width and 70 nm apart,
were fabricated using this resist, as illustrated in the
SEM image shown in Figure 8. The purpose of the
study was to fabricate robust structures with this
CAR, as there were no significant linewidth or
sensitivity variations observed even when the
samples were stored for 24 h in vacuum or air.35

Polymer-bound PAG resists are therefore usually a
merger of complex polymers. Recently, such a
negative tone CAR comprising of glycidyl
methacrylate (GMA), methyl methacrylate (MMA)
and triphenlysulfonium salts methacrylate (TPSMA)
was developed for EBL and was compared with a
polymer blended PAG CARS for sensitivity and
contrast.32 Firstly, the two polymers were
polymerised together to give the product poly
(GMA-co-MMA) which was further polymerised
with the PAG to give poly (GMA-co-MMA-coTPSMA) powder (Avg. Mol. wt. = 23,800 g/mol). The
resist solution was prepared by dissolving the
powder in dimethylformamide (DMF) or propylene
glycol monomethyl ether acetate (PGMEA). Their
sensitivity, lithographic performance and etch
resistance were evaluated in the study. The contrast
curve of the first CAR revealed a sensitivity of 300
µC/cm2 without any post-exposure bake. The
sensitivity of the second polymer mixture, poly
(GMA-co-MMA-co-TPSMA), was measured as 125
µC/cm2 with a 100 kV beam without post-exposure
bake, which further reduced to 70 µC/cm2 by postexposure baking at 80 °C for 60 s. The resists were
developed in a mild 7:3 ratio of IPA:water developer
solution for 1 min followed by rinsing in deionised
(DI) water. The smallest feature size that was
acquired from the resist was a 15 nm line with a 1:15
pitch size, as illustrated in Figure 7(a). Dense grating
of 20 nm lines using a 1:1 pitch size was also obtained
and shown in Figure 7(b). However, post-exposure
bake accelerated acid diffusion in the resist, thus
unfavourably affecting the line edge roughness
(LER), as shown in Figure 7 (c). The post-exposure
bake can however be excluded, hence cutting down
a process step at the expense of lower sensitivity.
The RIE etch rate of the resist was determined to be
40 nm/min with CF4 gas chemistry.

Table 2. Contrast and sensitivity values of
40XT positive CARS for different development
parameters.35

Figure 7. SEM images of gratings produced using the
negative tone poly (GMA-co-MMA-co-TPSMA) resist:
(a) 14 nm grating with a 1:15 pitch, (b) dense gratings
with a 19 nm linewidth in 1:1 pitch and (c) gratings with
32
post-exposure bake at 80 °C for 60 s.

9
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µC/cm2, in contrast to the popular negative HSQ
resist, which requires a dose close to 2000 µC/cm2 to
pattern lines of similar width and spacing. The
gratings also exhibited a reasonable LER of between
1.8 to 2.2 nm.

Figure 8. Line and space pattern: 90 nm wide gold
lines on a SiO2 substrate spaced 70 nm apart (80 nm
half-pitch), structured with the after lift-off process
with 40XT/PEDOT-PSS. The sample was developed for
35
60 s in a developer diluted with 40 % vol. DI water.

3.2 Non-CARS
Whilst CARS have demonstrated extremely high
sensitivity, the LER and line width roughness (LWR)
constrain the achievement of sub-20 nm feature size
with them, as acid diffusion in the resist is
uncontrolled at this scale.36 To counter this effect,
advanced classes of resists are being formulated
which are directly sensitive to radiation and do not
contain a PAG moeity.37 In order to increase the
irradiation sensitivity, a radiation sensitive group
must be incorporated into the polymer unit. Such
resists are known as non-chemically amplified
resists (n-CARS). Sulphonium salts have been
known to be sensitive to UV and electron beam
radiations and can be incorporated into polymer
units.38 In a recent study, a copolymer of (4(methacryloyloxy)
phenyl)
dimethylsulfonium
triflate (MAPDST), the radiation sensitive group,
and methyl methacrylate (MMA) was synthesised
(MAPDST−MMA).39 This copolymer was dissolved in
methanol to give a negative tone resist solution. The
copolymer resist coated substrates were exposed to
electrons at 20 kV and were subjected to postexposure bake at 100 °C for 120 s, followed by
development in a 0.022 N TMAH solution. The
customary characteristics of this resist were
evaluated. The exceptionally high sensitivity of 2.06
µC/cm2 was observed with a contrast of 1.8, which
can be seen in the contrast curves shown in Figures
9(a). In Figure 9(b), the highest resolution lines of
20 nm width, with 100 nm spacing, are illustrated.
These lines were obtained at a dose as low as 40

Figure 9. (a) Contrast curve of MAPDST-MMA
copolymer negative resist, (b) SEM image of the
electron beam patterning of the negative tone
copolymer resist for isolated 20 nm line patterns with
100 nm space; patterns exposed at a dose of 40
39
µC/cm2.

It was demonstrated by FTIR and XPS
characterisation that irradiation of the resist
strongly reduces triflate and COO group signals,
whereas the S-C bonding belonging to the phenyl
group remains resistant to the exposure.40 Since the
unexposed resist remains polar because of its ionic
character (Figure 9 (c)), it can readily solubilise in
the developer. On the other hand, upon irradiation
10
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the anionic counter ions (CFSO3-) result in the
formation of Ar-S+-(CH3)2 groups, which convert to
Ar-S-CH3 during the post-bake, losing thier ionic
character.41 Due to its non-ionic nature, the exposed
resist was intact when dipped in developer solution.
Hence, the addition of a highly radiation-sensitive
sulphonium group to the polymer unit enhances the
sensitivity of the resist tremendously. Structures as
fine as 20 nm could be easily resolved with this
resist. LER was found to be 1.8±0.1nm of MAPDSTMMA resist.41 Thus, this resist is a good candidate
for future high resolution EBL due to its high
sensitivity and contrast and ability to generate low
LER structures. The etch ratio of the MAPDSTcopolymer to SiO2 with CHF3/O2 gases
(22.5/2/5 sccm, 80 mTorr, 150 W RF power for 60 s)
was found to be 0.36:1.39
However, in another study, a methacrylate based
n-CARS was formulated that exhibited a very high
sensitivity. The resist was created by free radical
polymerisation of 2-hydroxyethyl methacrylate
(HEMA) and aminoethyl methacrylate (AEM) to
give the product poly(2-hydroxyethyl methacrylateco-2-methacrylamido-ethyl
methacrylate)
Its
processing
(P(HEMA-co-MAAEMA)).42
parameters and etch durability as a mask on Si were
assessed. The contrast curves of the resist showed an
extremely high sensitivity of about 0.89 µC/cm2 and
a contrast of 1.2 (figure 10(a)), which is comparable
to the commercially available low-contrast negative
EBL resists such as mr-EBL 6000 and AR-N 7720.
The contrast curve was obtained by developing a 1.1
µm thick film in methanol developer. However, as
shown in the AFM image and its corresponding
cross-section in figure 10(b), the resist demonstrates
a low resolution up to 125 nm. The authors,
nevertheless, suggest that the resolution can be
improved by modifying the development process,
using thinner resist films or by modifying the
accelerating voltages. Etch resistance of this resist
was studied for RIE (SF6), as well as, for wet
chemistry with in HNA (HF: nitric acid: acetic acid)
solution. The resist showed good resistance to the
wet etch process and where the resist to silicon
selectivity was 1:9.4 (etch rate of resist was ~15-20
nm/min). However, the resist performed poorly
when subjected to dry etch since the resist to silicon
etch rate ratio was found to be 1:2 and the etch rate
of the resist was 225-275 nm/min.

Figure 10. (a) Contrast curves of P(HEMA-coMAAEMA) resist exposed at 50 kV and developed in
methanol; (b) AFM image of exposed P(HEMA-coMAAEMA) lines at a dose of 300 pC/cm. The pitch
ranges from 100 to 300 nm from the left to the right.
The corresponding cross-section is shown above the
AFM image. The resist thickness is 50–60 nm, and
42
linewidth ~125 nm.

3.3 Fullerene Derivatives Resists
Buckminsterfullerene (hence after referred as
fullerene), C60, is an allotrope of carbon containing
60 C-atoms to form a spherically shaped unit.
Fullerene’s potential as a negative tone EBL resist
was first recognised by Tada et al. due to its
reactivity towards UV light.43 C60 has small diameter,
of around 0.7 nm, making it ideal for highresolution lithography.44 Tada et al. showed that
electron beam irradiation caused the solubility of a
C60 film to reduce in a toluene developer, thus
allowing it to be used as a negative-tone resist.43
However, C60 has a very low sensitivity of about 12
mC/cm2 and requires preparation via vacuum
sublimation.45 Nevertheless, in the last few years,
new types of polymer-bound fullerene derivative
resists have been synthesized, which can be spin
coated onto substrates. Two such resists, C60containing poly (p-tert-butoxystyrene) and C6011
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containing poly (p-tert-butoxycarbonyloxystyrene),
have been developed for photolithography.46 In the
case of EBL resists, two of the fullerene derivatives
developed in recent years, with different polymer
chains, shall be discussed in the section below.
The first study involved the blending of two
polymers, poly (p-chloromethlysytrene) (PCMS) and
poly (hydrostyrene) (PHS), in which the C60 moiety
was incorporated.47 The main motivation behind
using the PCMS polymer was its high electron
sensitivity, whereas C60 alone has a tremendously
low sensitivity of approximately 104 µC/cm2.43,48 The
PHS was used because the hydroxyl group aids in
the adhesion of the C60 derivative resist to a
substrate. Various blends of the three unities
consisting of different weight fraction of C60 have
been produced, as shown in Table 3.

Figure 11. Crosslinking of the C60 derivative upon
47
electron beam radiation.

Table 3. Blends of PCMS and PHS polymers
consisting of different weight fraction of C60 for
preparing the resists.47

Figure 12. SEM image obtained after EB exposure
using C60-(P(CMS14-HS))2, at a dose of 286µC/cm2 and
47
developed in acetone for 10 s.

The C60-(P(CMS14-HS))2 resist gave the best result
in terms of resolutions amongst the other
compositions given in Table 3. Hence, it was
concluded that C60-could be utilised as negative tone
EBL resists. The sensitivity of the C60 moiety was
increased by 3 orders of magnitude with the
addition of the copolymers, achieving highresolution structures down to 50 nm in each case.

The resist-coated substrates were exposed to
electrons at 100 kV and developed with toluene or
acetone to evaluate their lithographic performance.
Figure 11 illustrates the reaction mechanism of a C60
derivative resist upon electron beam radiation. The
C60 derivative shown in Figure 10 is coded as
C60−(P(CMSx−HS))2 where x = 14, 31 or 46, thus
varying the weight fraction of C60, according to
Table 3. The developer used was acetone however
strong aggregations of C60 moieties were found,
which resulted into swelling and deformation of the
structures. Figure 12 shows an SEM image of 50 nm
gratings, the minimum resolution obtained with
C60-(P(CMS14-HS))2, at a dose of 286 µC/cm2 and a
LER of ~7 nm.

In the second recent study, three phenol-based
fullerene negative tone resists have been presented
for next generation electron beam lithography.49 The
resist was not only a fullerene derivate, but also a
CAR consisting of a crosslinker and a PAG
component. The first fullerene derivative prepared
consisted of phenolic methanofullerene (IM-MFP123). The other two resists consisted of tertiary
butoxycarbonly (tBOC) protecting groups, however
they differed in that one had a longer side chain
(IM-MFP12-8) than the other (IM-MFP12-2). The
resists were prepared by dissolving the fullerene
derivative,
epoxy
crosslinker
and
12
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triphenylsulphonium hexafluroantimonate PAG in
propylene glycol monomethyl ether (PGME), with a
10-20 g/L concentration. They were then mixed in
one part fullerene derivative, two parts crosslinker
and one part of the PAG and spin-coated onto Si
substrates. The chemical structure of the three
fullerene derivatives along with their contrast curves
can be seen in Figure 13.

Figure 13. Chemical structures of (a) (3-phenol-1propyl malonate)-methano-[60] fullerene, (b) (tbutoxycarbonyl malonate)-methano-[60] fullerene and
(c) [3-(4 butoxycarbonyl) phenyl-1-propyl malonate]methano-[60] fullerene and (d) contrast curves for the
49
three resist derivatives.

Figure 14. SEM images of dense single pixel features
of IM-MFP12-8 resist, with the top row developed
without post-exposure bake and the bottom row with
90 °C post-exposure bake. The pitches are 48 nm for
(a) and (c); and 46 nm for (b) and (d) with their
corresponding LWR.49

The Si substrates were post-exposure baked at
90 °C followed by dip development in 1:1
monochlorobenzene (MBC) and IPA. Figure 13(d)
shows the calculated contrast curves of the three
resists and their sensitivity (contrast in brackets): 93
µC/cm2 (1.8), 43 µC/cm2 (1.3) and 32µC/cm2 (1.0) for
IM-MFP12-2, 3 IM-MFP12-8 and IM-MFP12-3,
respectively. Thus the enhanced sensitivity, amongst
the tBOC-protected material, of IM-MFP12-8 was
attributed to the higher flexibility of longer polymer
chains helping to improve crosslinking. Long chains
have previously been reported to enhance acid
diffusion, which is evident in this study.50

Figure 14 illustrates the SEM images of single pixel
gratings exposed on IM-MFP12-8 resist developed
with 1:1 MBC:IPA. The linewidth observed for the
gratings lies between 13-15 nm; exposed at 30 kV
within a dose range of between 240-350 pC/cm2.
From the SEM images shown in Figure 14, LWR is
higher for exposures developed without the postexposure bake, thus indicating the requirement of
post-exposure bake for the complete development of
partially exposed resists for smoothing the LWR. A
new negative phenol-based fullerene resist was
conclusively presented in this study. The resist
offered high sensitivity as well as a high resolution
at low exposure doses as compared to the traditional
high resolution HSQ resist. The ICP etch rate of IMMFPT12-8 was revealed to be 0.97 nm/s for
SF6/CHF3 chemistry.
A positive tone fullerene derivate resist containing
the acid labile groups tert-butyl acetate (tBAC) and
(tBOC), has also been reported in literature.51 The
sensitivity of the resist was found to lie in the range
13
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of 100-150 µC/cm2 and isolated lines as small as 20
nm were successfully patterned. Thus, fullerene
comprising materials have emerged as a new highresolution class of resists.
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however a large amount of resist residues were
observed even after the clearance dose. On the other
hand, the use of o-xylene developer reduced the
residues but at the expense of contrast. The o-xylene
dip after developing in amyl acetate gave a contrast
(γ) and sensitivity (S) very similar to that of ZEP
resist (γZEP = 4.18 , SZEP = 180 µC/cm2 and
γCSAR62 = 4.77, SCSAR62 = 172 µC/cm2). The ultimate
resolution of this resist was presented by another
group using a 180 nm thick CSAR 62 resist where
lines approximately 10 nm wide were resolved with a
pitch of 100 nm, as evident in Figure 15.57 They also
studied the etch rate of the resist with CF4/O2
plasma, and an etch rate of 100 nm/min was
revealed.

3.4 Methacrylate Bases Resists
PMMA was the first resist of the methacrylate
family and also the earliest EBL resist to be
developed.52 This family of resists consist of a
methacrylate backbone (CH₂CHCO₂CH₃ and are
usually used as positive resists. However, upon
elevating the electron dose the resist tone can be
reversed into negative. PMMA is still regarded as the
standard high-resolution resist and is the most
widely used EBL resist. Lines as small as sub-5 nm
have been resolved in PMMA by megasonic-assisted
development53 or cold temperature.54 The other
renowned resist of the same family is ZEP, which is a
1:1 copolymer of α-chloro methacrylate and methyl
styrene. The high sensitivity and etch durability, as
well as the stability of this resist are prominent.19, 28
Both the resists mentioned can be commonly
developed in organic solvents such as MIBK, xylene
based, amyl acetate, hexyle acetates and IPA:DI.
Methacrylate-based resists offer good lithographic
outcomes with ease of handling and hence both
compounds have established themselves as mainstay
electron beam resists.
During the last 5 years, two new resists with a
methacrylate backbone have been reported: SML
(EM Resist Ltd., United Kingdom) and chemically
semi-amplified resist 62 (CSAR 62) (Allresist GmbH,
Germany). The complete chemical structures of
both these resists have been withheld, however the
presence of a methacrylate group in SML and CSAR
62 has been reported.10,56 CSAR 62 is a CAR
consisting of the copolymer of α-chloro
methacrylate and methyl styrene in anisole, much
like ZEP. However, unlike ZEP this resist includes
additives to enhance its sensitivity, hence semichemically amplified.55 In a very initial study of
CSAR 62, its parameters have been compared with
those of ZEP and PMMA resists. For the contrastsensitivity measurement, CSAR was developed using
amyl acetate, which is the standard ZED N50
developer of a ZEP resist, o-xylene as well as using a
combination of both solvents. The contrast curves
plots generated at 100 kV under various conditions
are illustrated in Figure 15.

Figure 15. Contrast plots for (+) CSAR 62 developed
using o-xylene, (□) CSAR 62 developed using amyl
acetate, (▲) CSAR 62 developed using amyl acetate
followed by a 5 s dip in o-xylene, (○) ZEP 520A, and (×)
PMMA. (a) The normalised remaining resist thickness
vs log dose, (b) log development rate plotted against
log dose. The contrast, γ, for each resist is also shown.56

Developing CSAR 62 with amyl acetate gave the
highest contrast value of 5.2, as seen in Figure 15(b),
14
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after electron exposure are similar to that of PMMA
and ZEP resist.8 The FTIR evaluations revealed that
SML is a methyl acrylate based resist and thus, the
structural changes upon electron irradiation is
bound to be similar such as, increase in
unsaturation and alteration in acrylate groups in
SML and ZEP polymer chain after electron beam
exposure were also revealed.8 The etching
characteristic was compared to that of ZEP with
SF6/C4F8 gases chemistry. The initial etch rate of
SML was found to be 17 nm/min for 60 s (the one of
ZEP was 27 nm/min), and as the etch time
increased, the etch rate increased gradually.10
However, the increased etch rate was comparable to
that of ZEP resist. Since, ZEP is also well known for
its high etch resistance, it can be said that SML is
also a very good candidate as a hardmask during dry
etching.10

Figure 16. SEM images showing (a) the critical
resolution of a 180 nm thick CSAR 62 resist, (b) 200 nm
thick CSAR 62 resist image showing 75 nm period lines,
56,57
some of which show signs of collapse.

SML is also an organic, positive toned EBL resist.
Initial works on this resist involve lithographic
comparisons with PMMA and ZEP resists.8,58 It was
found in a study that SML shows the best contrastsensitivity trade-off with 7:3 IPA:DI water developer,
like PMMA.58 Contrast curves of 300 nm thick SML
resist obtained at 10 kV voltage, in comparison with
those of PMMA and ZEP resists, are shown in Figure
17.10 It is to be noted that ZEP resist was developed
in ZED-N50 developer and hence, gave a very high
sensitivity of 21 µC/cm2. It is apparent from Figure
17 that the sensitivity of SML is poorest amongst the
three. However, it shows a very high contrast of 12,
which is similar or even slightly higher than that of
the high-resolution PMMA and ZEP resists.10

Figure 18: High resolution gratings with 30 nm pitch
size on (a) SML 50 developed in 7:3 IPA:water
developer, (b) ZEP developed in ZED-N50 and (c)
PMMA developed in 7:3 IPA:water (20 nm scale bar).
Images (d) and (e) show the smallest linewidths
achieved in SML 50 and ZEP, respectively (100 nm scale
10
bar).

Figure 17: SML 300 compared to ZEP and PMMA
resists of 300 nm thickness along with the contrast
10
values.

Acknowledging the high sensitivity and etch
resistance of ZEP resist, a group developed a range
of positive resists containing acrylic, chlorine
containing monomer (acrylate A) and an acrylic
monomer having aromatic side-groups (acrylate
B).55 Copolymers of different compositions of
acrylate A and B were synthesized and their
lithographic quality was evaluated comparing to
that of ZEP and PMMA. Table 4 describes the
clearance dose, contrasts as well as the molecular
weights of the different copolymers.59 The mass
fraction of acrylate A ranges from 37 to 63 % in the

Lithographic evaluation of the resist shows that
high resolution could be achieved in SML with ~15
nm half pitch (Figure 18 (a)). The smallest linewidth
resolved in SML is 5 nm and that in ZEP is 7 nm,
which are till date the smallest features resolved in
both the resists (Figures 18 (d) and (e)). The SML
resist also exhibits efficient single layer metal lift-off
property. FTIR characterizations have shown that
the structural changes occurring in SML polymer
15
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different copolymers. Evidently, the most sensitive
resist is ZEP and Copolymer 5 has similar sensitivity
with 30 kV electron beam. The sensitivity is seen to
be dependent on the mass fraction of acrylate A, i. e.
the clearance dose increases as the mass fractions
differs away from 40 wt.%. RIE etch tests of
Copolymer 5 revealed its etch resistance similar to
that of ZEP. Lithographic evaluation showed that
Copolymers 4 and 5 can produce nanometre sized
features down to 29 nm. The pinnacle resolution
was observed with Copolymer 4 as seen in Figure 19
(a). Figure 19 (b) shows Ti/Au 35 nm gratings
attained by lift-off method from a 100 nm thick
copolymer 5 (mr-Pos EBR) resist pattern.
Table 4. Molecular weight distributions of the
investigated resist materials and the sensitivity
and contrast data obtained at 30 kV acceleration
voltage.59

Figure 19: (a) Highest resolution resist pattern
obtained in Copolymer 4, 29 nm with a period of 100
nm (LER: 5.9 nm) and (b) 35 nm wide Ti/Au lines
59
obtained via lift-off from mr-Pos EBR resist.

3.5 Inorganic Resists
In comparison to organic resists, inorganic resists
generally possess higher contrast and better etch
resistance due to their chemical structure, but
invariably suffer a reduced sensitivity. The most
efficient resist, which has stanchly maintained its
high performance, is HSQ. HSQ is the smallest
member of the polyhedral oligosilsesquioxane
(POSS, trademarked by Hybrid Plastics) family, and
has a cubic structure (HSiO3/2).60 On electron beam
exposure, the cubic HSQ molecules open and crosslink, forming network structures.61 HSQ has
demonstrated a linewidth resolution of 7 nm, with a
pitch size of 14 nm, at a dose of nearly 1 mC/cm
(30 kV)62 and approximately 5 nm width with 40 nm
pitch (10 kV).13 6 nm isolated lines and 7 nm dense
lines at doses of 5.5 and 33 mC/cm2 respectively (100
kV), have also been reported previously.63
Nevertheless, due to its sensitivity issues and short
shelf-life, HSQ is often troublesome to work with.
Therefore,
newer
inorganic
resists
with
silsesquioxane moieties and others containing metal
fragments have emerged.
16
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During development, the mobile sulphate species is
replaced by –OH, which prepares for additional
insolubleness of the resist.

In 2007 two negative, inorganic resists consisting
of hafnium and zirconium oxide sulphates, known
as HafSOx and ZircSOx respectively, were reported.64
These materials are atomically very dense thus
sensitizing the resists and due to their metallic
nature they can be good candidates during ion
etches.65 Resist solutions were prepared by
combining HfOCl2(aq) or ZrOCl2(aq) with a mixture
of H2SO4, H2O2 and 18 MΩ purified water to give
metal:sulphate ratios of 1:0.5 and 1:0.7. The resists
were spin-coated onto Si to achieve 35 nm thin
films. The contrast curves and high-resolution
performance of the resists were evaluated using 30
kV. Figure 18 presents the contrasts curves of the
two metal sulphate resist developed with TMAH
(HfOCl2 = 90 s and ZrOCl2 = 240 s). Figure 18(a)
shows the contrast curves for HafSOx and ZircSOx
having a metal:sulphate ratio of 1:0.55 and 1:0.5,
respectively. The sensitivity of HafSOx was
determined to be 21 µC/cm2 with a contrast of 2.5,
whereas that of ZircSOx was 7.6 µC/cm2 with a
contrast of 2.6. For an inorganic resist with no
chemical amplification the sensitivity of both the
resists is praiseworthy. Figure 20(b) shows a
contrast-sensitivity plot of ZircSOx having a
metal:sulphate ratio of 1:0.7. The sensitivity can be
observed to decrease by a factor of 36 relative to its
lower sulphate formulation, but with an improving
contrast value of up to 5.2. In this study the
sensitivity of the resist was correlated to the electron
density of the resist polymer. The electron density
was measured from the critical angle X-ray
reflectivity measurements and was found to be
1.9 mol e-/cm3 for HafSOx and 1.5 mol e-/cm3 for
ZircSOx, and for comparison 0.64 mol e-/cm3 for
PMMA. The Bethe equation (2) states that the
stopping power for an electron in a solid is directly
proportional to the electron density of the solid Ne =
NAZeff/Aeff, where NA is the Avogadro's number.66
Thus, from the electron densities values measured,
the new resists were observed to absorb the energy
of the incident electrons more effectively than
PMMA. This, in turn, will improve their sensitivity
as compared to PMMA. In addition, the unwanted
exposure of the resists due to the backward
scattering of the incident electrons will also be
reduced. The reaction mechanism of HafSOx
correlated to its chemistry was shown by a group by
energy-dispersive X-ray spectroscopy.67 The prebake treatment of HafSOx drives to densification of
HafSOx thin film. Upon exposure to electron beam,
the peroxide moiety is decomposed inducing
condensation reactions that makes the resist
insoluble in the developer solution (25% TMAH).

Figure 20. (a) Contrast curves of ZircSOx and HafSOx
developed in TMAH and having metal: sulphate ratio of
1: 0.55 and 1: 0.5, respectively. (b) Contrast curve of
64
ZircSOx having a metal: sulphate ratio of 1:0.7.

The resolution of ZircSOx resist was evaluated by
exposing line patterns on Si. The highest resolution
achieved was a 16 nm isolated line, from a 1:0.5 ratio
of ZircSOx and sulphate as shown in Figure 21(a), as
well as a dense grating with line widths of 28 nm
and a period of 100 nm, as shown in Figure 21(b).
Isolated and dense gratings with 1:0.7 ratio of
ZircSOx and sulphate are illustrated in Figures 21(c)
and (d), respectively. The reaction mechanism of
this resist during exposure is believed to be similar
to that of HafSOx.67,68 The obvious difference
between the two types of gratings is the LER, which
appears higher for structures prepared with the 1:0.5
resist mixtures. The 3σ line width roughness values
calculated for isolated and dense lines were 3.4 and
6.4 nm, respectively. In comparison, the 3σ values
with the 1:0.7 resist mixtures were 1.9 nm for an
isolated line and 2.1 nm for a dense grating. For the
line shown in Figure 19(a), a dose of 112 µC/cm2 was
required, whereas the isolated line shown Figure
21(c) was achieved with a dose of 999 µC/cm2. Thus,
by increasing the sulphate concentration the quality
of the structures is improved, but at the cost of
reduced sensitivity. The etch rates of HafSOx and
ZircSOx were determined as 2.2 nm/min and 2.9
nm/min respectively, by reactive CHF3 plasma
etching.
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developer, when developed in buffered oxide etch
(BOE) it can be a positive resist, whereas when
developed in HCl and IPA mixture, it can act as a
negative resist. The structural changes in the resist
film after irradiation was determined by FTIR
measurements on resist films exposed to UV light
and X-rays, illustrated in Figure 22.70

Figure 21. SEM images of isolated lines and dense
gratings in ZircSOx: (a) 16 nm isolated line in a 1:0.5
2
ratio of ZircSOx and sulphate at a dose of 112 µC/cm ,
(b) 28 nm lines in a 100 nm period in a 1:0.5 ratio of
2
ZircSOx and sulphate at a dose of 50 µC/cm , (c) 15 nm
isolated line in a 1:0.7 ratio of ZircSOx and sulphate at a
2
dose of 999 µC/cm and (d) 36 nm lines at a 100 nm
period in a 1:0.7 ratio of ZircSOx and sulphate at a dose
2
of 810 µC/cm .64

Figure 22. FTIR spectra of the alumina-based resist
films before and after exposure to a UV dose of 108 J cm
70
–2 and an X-ray dose of 9 J cm –2.

It is seen from the FTIR plot in Figure 22 that on
exposure, the aromatic rings in the resist are
shrivelled
after
exposure,
confirming
the
degradation of organic network. Rise of the peaks
near 3400 cm-1 confirms hydrolysis reaction of
alkoxides, which happens due to increase in
inorganic network. It is also confirmed by the Si-OSi and Al-O-Al absorptions visible in the plot.70

Thus, these resists exhibit high-resolution
structures and high sensitivity comparable to that of
several positive resists10,55 with lower roughness
values and a good etch durability. Significantly, the
sensitivity of these resists is very high when
compared to HSQ.
Most of the non-organic resists are characterised
by high etch resistance and also offer good
resolution. In the following contribution, a spin-on
hybrid resit system is exhibited, which on electron
beam radiation turns onto an inorganic alumina, i.e.
a hardmask.69 Tests showed etch selectivity towards
Si in excess of 100:1, which is only comparable to
that of metallic hardmasks. The resist is referred to
as PhSiAl, abbreviation of Phenyl Silane and
Aluminium-tri-sec-butoxide. It was synthesized by a
sol-gel method by continuously stirring aluminiumtri- sec-butoxide (97%, Aldrich) with acetic acidin
ratio of 1:0.05. After 1 h, 20% trimethoxyphenylsilane (≥95.0%, Aldrich) was added to it and stirred
at 80 °C. The resulting solution was spun on Si
substrates, variably diluted with ethanol to give
resist film thicknesses from 30 nm to 1 µm. Contrast
curves were not available for the resist, but the
optimum dose mentioned for this resist is 800
µC/cm2 at 30 kV for dose matrix experiments64,
indicating that the resist sensitivity is in the vicinity
of HSQ sensitivity. Depending on the choice of

Lithographic assessments were carried out at 3 kV
and evince very high resolution structures as seen in
Figure 23. Figure 23 (a) shows array of diminutive
resist gratings and an inset showing the 20 nm
dimension of one of the lines and the highest
resolution reported in this article is 11 nm grating.
Similar structures were dry etched into Si by using
SF6, C4F8 and Ar gas mixture69 and the resist etch
rate was found to be 2.67 nm/min with this gas
mixture. Figure 23 (b), (c) and (d) show SEM images
of gratings and pillars etched down to 300-400 nm
depth using the resist hardmask. This calibre is
remarkable because ~40 nm thick resist solely is
able to work as an efficient hardmask for highresolution lithography.
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the carbon footprint. In the next section, two
different water-soluble resists are discussed.
With the purpose of achieving a creditable etch
durability whilst lessening the environment impact,
poly (sodium 4-styrenesulphonate) (PSS) was
recently employed as an EBL resist.72 Sodium not
only has a positive effect on the etch resistance but,
due to the ionic nature of PSS, it can also be
dissolved and developed in water. The resist
solution was prepared by dissolving 70 kg/mol PPS
(Sigma Aldrich) in DI water to make a 7 wt/vol%
solution, which produced a thin resist film of
approximately 180 nm. The film was then baked and
exposed with a 20 keV beam to procure contrast
curves and high-resolution patterns. Post exposure,
the resist was developed with DI water for 10 s at
room temperature. Figure 24 illustrates the contrast
curve for the PSS resist along with its chemical
structure and the high resolution patterning by EBL
in PSS.

Figure 23: (a) Examples of lithography results
achieved with optimized EBL parameters (3 keV
acceleration voltage, 200–250 μC cm-2 exposure
dose, 2 min at 120 °C PEB (b) Images of the same
sample, with lines of 30 and 20 nm etched down to a
depth of more than 400 nm; (c) and (d) images of
the same sample, with 20 nm lines and 50 nm
diameter pillars etched down to 350 nm.69

3.6 Miscellaneous Resists
Figure 24. (a) Contrast curve of the water-soluble PSS
resist, (b) SEM image showing a line array with a line
width ∼60 nm (narrower lines were found to have
collapsed). (c) SEM images showing arrays of pillars
72
with a mean diameter of 60 nm.

There is a variety of commercial resists available
with different lithographic parameters. For instance,
incorporating metal into a material can boost the
etch resistance of a resist. Metal salts of methacrylic
acids (MAA), e.g. Pb, Ba, Ca and Sr, have been
incorporated into PMMA resists.71 The sensitivity of
PMMA was improved by a factor of 3 by the bestsuited metal, i.e. Pb. Additionally, metalimpregnated PMMA resists better withstand acidic
and basic etch chemistries compared to PMMA
alone.

From the contrast curve in Figure 24(a), the
sensitivity of 2800 µC/cm2 is poor, as is the contrast
of 0.8. However, the authors suggest that the use of
higher molecular weight PSS to improve its
sensitivity drastically, since for the cross-linking
polymer chains the exposure dose is found to be
inversely proportional to its molecular weight.73
However, the resist would not be ideal for highresolution patterning as the EBL process would be
extremely sluggish. For testing the etch resistance,
an O2 plasma RIE test (20 sccm O2, 20 mTorr, 20 W
RF power) of PSS was compared to PMMA. PSS

Along with the resist parameters, one major
concern is the environmental and human impact of
chemicals used in lithography processes. Keeping
this point in mind, water-soluble resists have been
reported for EBL technology that can help reduce
19
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showed 17 times higher etch resistance than PMMA,
and 6 times higher than SU-8 and polystyrene resists
(from literature), which have similar sensitivity and
contrast to that of PSS. Since PSS contains metal
sodium, higher tolerance to dry etching is expected
as compared to PMMA. The etch test with CF4 gas
(20 sccm CF4, 20 mTorr, 100 W RF power, room
temperature) revealed that the selectivity relative to
PMMA was only 3.5 times higher. This low
selectivity with CF4 is thought to be because of the
low percentage of sodium in PSS. Finally, to assess
the resolution of this poorly sensitive resist, highresolution gratings and pillars were exposed on a 180
nm thick resist film. The resist was not good for
dense exposures and gratings with 100 nm spacing.
The critical dimensions achieved were 60 nm
linewidth with 400 nm pitch (Figure 24(b)) and
pillars with a mean diameter of 60 nm with 300 nm
pitch (Figure 20(c)), which is quite reasonable for a
180 nm thick resist film. However, gratings with
lower spacing and pillars smaller than 40 nm in
diameter collapsed due to the capillary force during
drying after water development. Additionally, the
authors demonstrated a metal lift-off of 2 keV
exposed structures by DI water. To conclude,
although PSS is not a model resist for fast and dense
critical patterning, it definitely exhibits an excellent
etch durability. Moreover, the fact that it can be
developed and further processed with water makes
it environmentally friendly and less hazardous for
humans.
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fibres were subsequently dissolved in 9 M lithium
bromide resulting in a ~7 % aqueous resist solution
of silk fibroin. The resist was then spun onto a
substrate to give a 200 nm thick silk layer; the
thickness of which could be controlled by the spin
speed. In order to yield a negative resist, after spin
coating the intermolecular crosslinking within the
resist was achieved by either exposing the substrates
to water vapour for > 12 h or by dipping in methanol
for 60 s, followed by exposure to water vapour for 2
h. Both resists were typically exposed with highenergy beams of 100 and 125 keV. The development
of the resists was done by simple immersion in DI
water for 60 s followed by drying.
The minimum doses required to fabricate
nanostructures at 100 kV were reported. In the case
of the positive resist, the dose required to fabricate
nanoscale features was 2250 µC/cm2 and that for the
negative form was 25,000 µC/cm2. These values are
2.5 times higher than that required by PMMA at 100
keV.78 Figure 21 illustrates photonic crystals having
various spacing obtained by EBL exposure of both
varieties of the silk resist.

Engineers in Tufts University, US, have developed
an apparent ‘green alternative’ resist.74 Silk, a
biologically fabricated material, has long been
enjoyed as a luxurious and beautiful fabric, yet it is
tougher than most of the synthetic fibres currently
present in the market.75 For this reason, silk proteins
have been utilised in recent years in areas as diverse
as photonics, electronics, drug delivery and bioscaffolds.75,76,77 Recently, engineers in Tufts
University expanded the possibility of using silk as a
nanofabrication material. They showed that EBL was
able to change the protein structure upon
irradiation thus making it a candidate for EBL
resists. This report demonstrated that the silk resist
could be used as either a negative (amorphous silk
form) or positive (crystalline silk form) resist.
Moreover, silk can be converted into ‘functional
resists’ by doping the resist solutions with organic,
inorganic or even biologically active materials. In
this segment, silk resist preparation, sensitivity
values and resolution will be discussed.

Figure 25. (a-c) SEM images of photonic crystals
fabricated with positive silk whereas (d-f) are with
negative silk; with a lattice constant or periodicity for
(a) and (d) of 700 nm; for (b) and (e) 600 nm; for (c)
and (f) 500 nm; (g) and (h) are 200 nm diameter holes
and pillars, respectively;(i) and (j) are highest
resolution 30 nm holes and pillars patterned by the silk
74
resist.

Evident from the SEM images shown in Figure 21
is that the ‘green’ resist is capable of fabricating
nanostructures competently. Images from Figures
25(a-c) are the photonic crystals fabricated with a
positive silk resist, whereas Figures 25(d-f) are
produced with a negative silk resist, with lattice
constant (periodicity) of 700 nm (Figures 25(a and
d)), 600 nm (Figures 25(b and e)) and 500 nm
(Figures 25(c and f)). The diameters of the crystals
were designed to be 200 nm; and from the SEM
images in Figures 25(g) and (h) it can be seen that
there is no widening or narrowing of the structures,
thus suggesting that the resist is capable of good
lithography. Figures 25(i) and (j) illustrate the
highest resolution obtainable with the two resists,
that is, 30 nm holes and pillars with positive and

Resist solutions were produced by boiling silk
cocoons in sodium carbonate solution to obtain
fibres, which were then dried overnight. The dried
20
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negative resists, respectively. Furthermore, the
authors suggested that these resolution limits could
be pushed further by tuning the molecular weight of
the silk solution or by adding other biomolecules,
for instance, microbial transglutaminase or
mushroom tyrosinase. Thus, the possibility of using
a biomaterial, silk, for EBL process was successfully
demonstrated in this study. Moreover, another
advantage of using silk, highlighted by them, is the
ease of functionalising them to act like a unique
class of bio-active resist. To conduct their tests, the
silk solutions were doped with quantum dots, green
fluorescent proteins (GFP) or horseradish
peroxidase enzyme (HRP). They were able to
validate the fabrication of high-quality nanoscale
optics like quantum dots (inorganic) or GFPs
(organic) that enhanced the fluorescent signalling
from the silk devices. Dry etching was perform79
Etch rate with O2 and C4F8 gases constituted to be
9.10 nm/s. Although in its early stage of
development, this is a new, eco-friendly resist which
minimises the need to work with toxic chemicals
and is potentially a step towards establishing a green
cleanroom process.

materials but is capable of also directly patterning
metals. It possesses a spot size down to 0.75 nm at
an accelerating voltage of 30 kV, thus routinely
enabling resolution down to 0.35 nm.88 Moreover,
due to the fact that ions are much heavier than
electrons, they experience less scattering in the
resist and the substrate and the proximity effect
experienced is almost negligible. They provide also
faster resist exposure (higher sensitivity), potentially
enabling resolution beyond that of EBL.89 Apart from
being able to pattern resists down to 6 nm, helium
ion beam also provides enhanced quality imaging as
a microscope.88 A very recent study demonstrated
that HIBL was able to pattern a fullerene derivative
resist with sensitivity of almost three order
magnitude more than EBL.90 Thus, due to the nature
of ions, writing-times can be immensely reduced
with this NGL technique.
EBL is well known for achieving critical
resolutions with much ease but suffering from low
throughput. In order to increase the throughput of
this technique, multiple electron beam (multibeam)
approach is currently under evaluation as an NGL
tool.91 The two major applications of such systems
are direct-write on wafer level and mask-making.92
There are various tactics that are considered for
lithography like multiple columns, in which each
beam source can have micro (for low voltage beams,
1-2 keV93) or mini columns (1-50 keV beams94).
Other strategies are using a single column with
multiple electron beam sources or distributed
multiple beams where several beam sources are
distributed over a portion or the entire area of the
wafer.92

4 ADVANCED LITHOGRAPHY
Top-down fabrication of the devices has, over the
years, improved tremendously. Presently, the trend
has diverted to three dimensional (3D) device
fabrication.80 3D devices find applications in a large
number of fields including photonic crystals,
biosensors and metamaterials.80,81,82 Especially the
devices that are fabricated with the EBL technique
require multiple steps and precise alignment of
different layers.83,84,85 Besides the EBL method,
advances in appliances employed in device
fabrications are also being upgraded continuously
and form the so-called next generation lithography
(NGL) systems, which are briefly described earlier in
section 1.2. Few of the charged particle NGL systems
are discussed next.

The next generation lithography (NGL)
techniques are, however, relatively expensive and
not mature enough for widespread application.
Their use for mass-production seems at the moment
highly unlikely. Therefore, it is necessary to better
understand these top-down techniques as well as to
improve the existing techniques for nanoscale
fabrication. Bottom-up techniques like directed selfassembly of block copolymers are also a promising
technology
favouring
the
progress
of
nanofabrication.

Proton beam lithography or proton beam writing
(PBW) is one of the techniques that are used for
nanofabrication. Reports of utilising this technique
for high aspect ratio and 3D fabrication are
published, wherein multiple proton beams with
different energies (and at different incident angles)
are used for nanofabrication.86,87

5 SUMMARY
Lithography is a vital element of nanoscale
fabrication. In the last decade, the critical dimension
of microelectronic devices has dramatically reduced
while
circuit
complexity
has
increased.

Helium ion beam lithography (HIBL) is also an
example of a NGL process, which has successfully
patterned not only non-traditional semiconductor
21
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include mainly a sulphonium salt portion that will
allow them to exhibit high sensitivity.

Consequently, the requirement for microfabrication
technology reaches into the nanometre regimen. In
order to meet these requirements, the need has
arisen for finer pattern generation and lithography
systems with superior performance specifications.
Advances in EBL systems have led to reduction in
the beam size diameter down to 1-2 nm. However,
achieving feature sizes equivalent to this small
probe size remains difficult mainly due to the issues
with resist morphologies and lithographic processes.
To obtain the best outcome from any EBL process,
the tool, the resist parameters and the overall
lithography process must be optimised for good
outcomes. All the resist parameters collectively
described in Section 2 determine the quality of a
resist. Nevertheless, it is not always that a single
resist will exhibit all the parameters commendably,
i.e. the resist may have a high resolution but may
suffer low sensitivity value or etch durability. Due to
the growing interest of lithography community to
attain high performance lithography, there is a high
motivation to develop novel EBL resists. This review
summarises recent developments in EBL resists and
compartmentalizes them into various families and
expressing their various functions and merits. The
resist families are classified according to their
chemical compositions.

The infusion of a fullerene moiety, C60, into
various polymer blends leads to beneficial resist
characteristics like high sensitivity and resolution,
high etch resistance, low line width roughness and
compatibility with industrial processing. Such
materials can account for newer class of resists. In
order to gain the best productivity from such resists,
exploring more about their exposure mechanism,
better understanding the role of C60 in the whole
EBL process and tuning resists parameters should be
undertaken.
Methacrylate based resists are one of the generally
favoured families of resists, due to the ease of
handling and simplicity in their chemical
formulation and exposure mechanism as compared
to CARS or fullerene based resists. Conventional
resists like PMMA, ZEP or SAL (Shipley Advanced
Lithography) belong to this family of resists. Newer
products from this family, such as SML or CSAR are
modified to either have increased sensitivity, etch
durability or high resolution.
The highest resolution of ~5 nm features has been
achieved by EBL using inorganic resists.13 The
widespread use of these resists is usually hindered
due to their low sensitivity. HSQ is one of the most
commercially and scientifically successful EBL resist,
but it displays relatively low sensitivity. Therefore,
inorganic resists have been recently prepared, which
exhibit higher sensitivity while maintaining high
resolution. Most of these new inorganic resists
contain metal components such as hafnium,
zirconium or aluminium.64 These resist do not only
break the sensitivity limitations of inorganic resists
but are also compatible for nanofabrication
processes. They can be deposited easily from their
aqueous solutions and also form even thickness
films on substrates. A recent study reported use of
colloidal nanocrystals, ZrO2 and HfO2 suspended in
hexane, used as resists for plasma powered
lithography.95 Wherein, hardmasks were pressed
against the substrate but the exposure was caused
by plasma power in etcher tool. This study supports
the concept that the trend in inorganic resists seems
to incline towards resists that are able to metallize
after irradiation. Thus, eradicating process steps like
metallization and lift-off.

Firstly, the chemically amplified resists (CARS)
were discussed and it is evident from the new, as
well as, early reports that this division of resists are
extremely sensitive to electron beam. State-of-theart CARS exhibit electron sensitivity from 7 µC/cm2
up to 200-300 µC/cm2 and are able to offer high
resolution structures down to 15 nm. The main issue
with CARS is photo acid generation, not only during
exposure but also in the interval between spinning
the resist and exposure. This issue has been
countered by casting a protective layer over the
resist, which does not affect the sensitivity of the
resist and protects it from unwanted alterations in
the composition due to acid diffusion. Thus, by
protecting the resists their stability is improved,
which can lead to enhanced sensitivity and also ease
patterning that requires mix-and-match lithography
wherein one substrate requires two different
patterning procedures with different or same tools.
By controlling the acid diffusion within the resist
after electron exposure and exploiting the advantage
of high sensitivity of CARS, they project as worthy
next-generation lithography resists. Conversely, in
order to eradicate the additional unwanted aciddiffusion concerns of the CARS completely, nonCARS resists have been formulated. Such resists

Traditional EBL resists are mainly formulated with
a view to gain maximum throughput over a fast
processing period, often leading to the use of
22

ACS Paragon Plus Environment

Page 23 of 29

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Chemistry of Materials

hazardous chemicals for processing, or even the
resists themselves can be perilous in nature.
Recently, benign resist materials have also been
developed like PSS, as described in miscellaneous
resists section. Other resist that grasps this group
are polyanilines water-based conducting EBL
resists.96 Biomaterials such as silk fibres have also
been demonstrated as potential eco-friendly EBL
resists.74,97 Research towards non-hazardous and
environment-friendly resists and developers may, in
the future, become an important trend in
developing new materials for nanofabrication.

good etch resistance continually remain the most
desirable characteristics of EBL resists. The different
classes of resists detailed in this report highlight the
progress currently being made in the development
of resist materials. With the EBL systems reaching
their maturity in term of resolution, few NGL
techniques are also reported in this paper. Table 5
summarises all the resists reported hitherto along
with their family type, tones, developers, sensitivity
and contrast values obtained at specific electron
beam voltages and the critical dimension achieved
by the resist. It is to be noted that in the cases where
two or more resist derivatives were testified, only
the ones with superlative performance are tabulated
in
table
5.

In conclusion, in the past few decades, many
materials have been suggested as potential EBL
resists. High sensitivity and resolution together with

Table 5. Summary of the electron beam resists based on their family, tone; positive (P) or negative (N),
developers, sensitivity, contrast, electron beam voltage, dry etch conditions, etch rates, critical
dimension (CD) and the dense pattern features attained in the resists
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