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ABSTRACT: Since the fabrication of micro-/nanoelectronic devices are marching
toward ultralow node technology with dense patterns to meet the current industry
demands, continuous advancement is needed in terms of material design and
lithographic techniques. In this perspective, helium ion beam lithography (HIBL) has
gained tremendous attention of the scientiﬁc society to realize high-performance device
fabrication with advanced technology. Salient features of the helium ion beam including
sub-nanometer spot size, high-intensity lighter ion (with respect to gallium and neon
ions) make the HIBL technique a competitive next-generation lithography tool. This
review describes, in brief, the signiﬁcance of HIBL technology in comparison with
electron beam lithography (EBL); however, it presents in detail the development made
in the area of resists for HIBL. One of the important characteristics of He+ beam is,
reduced backscattering leads to minimizing the proximity eﬀects in contrast with EBL.
Furthermore, it emphasizes the developments of various resist materials to perform
high-resolution patterns at comparable line-edge roughness/line-width roughness
(LER/LWR) values. HIBL performances of various classes of materials are presented here to give a overall conception of the
technique. The materials including organic, inorganic, organic−inorganic hybrids, and nanoscale materials which have shown
promising patterning under He+ beam irradiation have been included and discussed in this work.
KEYWORDS: helium ion beam lithography, electron beam lithography, next-generation lithography, proximity eﬀect, high resolution,
LER/LWR, spot size

1. INTRODUCTION
1.1. Lithographic Techniques. Fabrication of micro-/
nanoelectronic devices has become an inevitable need to meet
several requirements of modern life.1,2 Several lithographic
techniques have been developed and implemented to fabricate
these devices that include photolithography, electron beam
lithography, soft lithography, nanoimprint lithography (NIL),
electro-hydrodynamic lithography, direct-write assembly,
selective surface wetting, dip-pen nanolithography, and so
on.3−10 Each and every technique possesses its own merits and
demerits. Basically, lithography is the process of making
repetitive units as a pattern in a layer of material, called resist,
with the help of radiation-induced chemical reactions. Further,
this pattern is transformed into the functional layer by etching
or lift-oﬀ process.11 As per the recent trend of the
nanofabrication, extreme ultraviolet (EUV) is considered to
be the most eﬀective next-generation lithography (NGL)
technique due to its capability to create lower (sub-∼10 nm)
node patterns with high resolution.12,13 In addition to
conventional lithography tools, various alternate lithographic
techniques are emerging into the research and production
ﬁelds of nanoelectronics. Among those, electron beam
lithography (EBL) is one of the tools which is a direct-write
method by exposing the resist with a focused electron beam.
© XXXX American Chemical Society

EBL has been successfully shown to have the potential for
fabricating features with sizes below 10 nm.14 In line with EBL,
another class of maskless lithographic techniques is helium ion
beam lithography (HIBL).15,16 The HIBL comes under the
technique called focused ion beam (FIB) lithography. HIBL
utilizes the lighter ion beam of helium and centers on resist
material to bring the required chemical changes in order to
create the patterns in the thin ﬁlm. In comparison with EBL,
HIBL has also demonstrated a signiﬁcant narrow scale
patterning.17 The above-mentioned three tools proceed
through the analogous operational mechanism. In typical
photolithography, a photosensitive material is irradiated with
ultraviolet radiation to produce the desired shape and
dimension, whereas, in the case of EBL and HIBL, an
electron/ion-sensitive resist is exposed with electron/ion beam,
respectively.12,18
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Figure 1. Schematic representation of the helium ion beam lithography process.

The outline of the process of the helium ion beam
lithography technique is depicted in Figure 1. The formulated
photoresist solution is spin-coated over a silicon substrate with
adequate rpm and time to generate a defect-free thin ﬁlm of
required thickness. Later, the thin ﬁlm is subjected to a preexposure bake on a hot plate to remove the residual solvent in
it. After the prebake process, the resist thin ﬁlm is irradiated
with an ion beam according to the required pattern. Then the
exposed thin ﬁlm is placed on the hot plate, which is known as
a postexposure bake (PEB). The ion-induced reactions in the
resist ﬁlm, leads to the formation of soluble and nonsoluble
material in a particular solution. The soluble areas get dissolved
in the developer solution, and nonsoluble areas remain
undissolved to produce the patterns; this process is called
resist development. On the basis of the solubility of the ionsensitive material after exposure, the resist solutions are
classiﬁed into two types: positive and negative resists. In the
case of positive resists, the irradiated portion undergoes a
chemical reaction to yield easily soluble material and the
nonirradiated portion does not suﬀer from any chemical
change. Hence, the unexposed region stays as patterns and the
exposed area gets dissolved away in the developer solution. On
the other hand, in the case of negative resist, the exposed area
stays back on the substrate after developing while the
unexposed area gets dissolved away, and thereby patterns are
created due to exposed regions.
1.2. Terminology. The common terminologies that have
been repeatedly mentioned in this review are expanded below.
These terminologies are used to describe the properties and
performance of the resist materials and techniques associated
with various lithography processes.
Dose: This is a quantitative factor of incident energy. The
dose can be varied by changing the beam current, dwell time,
and pixel spacing.
Sensitivity: It is deﬁned as the minimum exposure dose
which is required to initiate the desirable chemical reactions in
the resist thin ﬁlm.

Throughput: Throughput is said to be the number of
features produced per second. This term is an indication of the
speed of the lithographic process.
Proximity eﬀect: An unintended exposure of the beam on
the surrounding area of the interested region or an incident
area. This eﬀect is caused due to primarily backscattered
electrons/ions from substrate.
Contrast: A contrast of the exposed photoresist describes
the remaining fraction of the photoresist after development as
a function of the exposure dose. It also vitally relies on all of
the photoresist processing steps.
Resolution: It is known to be the reproducibility of
minimum size features with a distinct diﬀerentiation.

2. SIGNIFICANCE OF HIBL
2.1. Why Helium Ion Beam Lithography? The lithographic techniques are classiﬁed into two categories on the
basis of the patterning process such as parallel and serial
lithography.19 For parallel lithography, a suitable mask is used
to focus the beam through it to get the required pattern on the
resist thin ﬁlm, whereas, in serial lithography, the beam of the
charged particle is directly focused point-by-point (raster scan)
on the resist to write the pattern.20 Examples of the serial
lithographic techniques are EBL, FIB, and so on.19 Though
EBL has been demonstrated for the rapid development of
prototypes for new devices, it is limited by long-range
proximity eﬀects at higher energies above 30 keV. This eﬀect
is due to backscattered electrons (BEs) produced in the resist
with high-energy radiation.21 The backscattered electrons
further interact with some more material in the proximity of
the scanned region. In addition to BEs, the forward scattering
also plays an important role in determining the minimum
feature size of the written pattern in EBL. This inﬂuence leads
to the chemical changes in the unexposed region too.19
Therefore, the pattern size is wider than that of the exposed
pattern area, while in FIB a much lower number of ions
undergo backscattering which does not lead to long-range
proximity eﬀects.19,22 In another aspect, EBL proceeds through
the generation of low-energy SEs to initiate the chemical or
B
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HIBL is limited by low-throughput patterning.32 Thus, HIBL is
most suitable for patterning of a single item, low-volume
features.

physical reactions in the resist material, but, in FIB, a greater
number of SEs are produced compared to those in EBL in
order to accelerate the process with minimal forward and
backscattering mechanism.22,23 Hence FIB is considered to be
more eﬃcient than EBL for high-resolution patterning.19 HIBL
also has an advantage in terms of producing high-density
patterns. In general, EBL has been proven to have capability in
patterning sub-10 nm isolated lines and arbitrary features;
however, reports on well-resolved sub-10 nm dense features
are limited, possibly due to critical proximity concerns.
As discussed, FIB has the ability to fabricate the patterns
with a resolution comparable with probe size.19 However, with
heavier ions, such as gallium and neon, the resolution is not
comparable with EBL due to large beam spot size.24,25 Other
drawbacks of heavy ions beam exposures are substrate damage
and the resist contamination by ion inﬂuence.26 These issues
restrict the use of heavy ions beam lithography for highresolution nanoscale patterning. On the other hand, lighter
ions such as helium can achieve desirable features with a
resolution similar to that with EBL or better. Around two
decades ago, gas ﬁeld ion source (GFIS) using helium ion was
established for ∼200 nm resolutions.27 In recent times, various
developments have been carried out for HIBL in terms of the
source of light ion beam and column conﬁguration made the
spot size less than sub-nanometer (≤0.35 nm).16,28 These
developments are also resulting in a considerable decrease in
the sample damage. The short ion range (spot size) is useful to
reduce the diﬀusion of SEs to adjacent areas, and therefore, the
resolution will be improved.15 Also, the proximity eﬀect was
reduced to 50 times using He+ ion beam in comparison to ebeam interaction with the resist sample.29 Due to these
advancements, it is anticipated that the HIBL can compete
with the resolutions of well-demonstrated EBL.
2.2. Advantages of HIBL. 2.2.1. Maskless Approach.
Similar to EBL, it helps with good ﬂexibility in writing arbitrary
patterns, whereas other lithographic tools need the mask to be
fabricated and the radiation through the mask has to be passed
out. This is time-consuming as well as an expensive process.
Hence, this tool is eﬃcient and oﬀers a low-cost-patterning
solution for low-volume or single-item features.19
2.2.2. Diameter of Focused Beam. The sub-nanometer spot
size of the beam (≤0.35 nm) determines the resolution of
HIBL patterns.30 The resolution depends on the diameter of
the focused beam rather than the wavelength of the
radiation.19
2.2.3. High-Density Patterning. Because the proximity
eﬀect is minimized in HIBL compared to EBL, eventually the
number of distinct and low size patterns per area formation will
be increased. This in turn leads to formation of a high-density
pattern array.
2.3. Disadvantages of HIBL. Using a tool with a parallel
exposure technique, for example, EUV stepper, 193 immersion
lithography, and deep ultraviolet lithography, etc., a large-area
exposure of the resist ﬁlm is achieved and therefore employed
for high-volume patterning for bulk production in less time. At
the same time, HIBL is a serial patterning technique, which is
more time-consuming in terms of writing time and good for
prototyping of high-resolution patterning in comparison with
parallel exposure methods. Moreover, a charged particle beam
for such serial-writing tools is the function of dose as well as
the required pattern area. Hence, with the shrinking of device
feature size the prerequisite of the dose will increase to
approach the state of the art LER/LWR values.31 This is where

3. HIBL INSTRUMENTATION
The instrument of focused helium ion beam consists of three
major components. They are gas ﬁeld ion source (GFIS) gun,
column, and process chamber as shown in Figure 2.19

Figure 2. (a) Schematic of a helium ion beam system, showing the
ion source, column, optics, and sample chamber. (b) Image of the
trimer containing three atoms at the top of the pyramid of a tungsten
tip, where ionization occurs and three beams of helium ions are
generated. (c) GFIS emitter tip region. Neutral helium atoms
(orange) are ionized at the emitter forming three beams of helium
ions (green). They are accelerated away from the tip and one of them
is aligned to the axis of the column and focused on the sample in the
chamber. Reprinted with permission from ref 19. Copyright 2016
Elsevier.

3.1. Gas Field Ion Source Gun. It sits at the top of the
GFIS column and includes a source and the extractor.
Tungsten wire is used as the source mounted at the top of
the column, in the gun assembly; the apex of the source tip acts
as an emitter of ions. This end of the wire consists of a
pyramidal-shaped tip with an apex of three tungsten atoms.
Speciﬁcally, this arrangement is called as “trimer”. Such atomiclevel conﬁguration can be precisely controlled by high electric
ﬁelds and also can be monitored using the scanning ﬁeld ion
microscopy (SFIM) operational mode of the system. The
helium gas ionizes at the uppermost atoms of the pyramid due
to a strong electric ﬁeld created between the positively biased
source and the extractor with the negative voltage. The
resulting ion beam passes through the hole in the middle of a
circular plate that mounts just below the source, called the
extractor plate. Basically, the generated beam from the
preferred brightest atom among the three is aligned with the
column line which produces the ideal point source. This
phenomenon makes the source to have a narrow source size,
smaller energy spread, and greater brightness. Further, this
function leads to allow the column to operate with less
demagniﬁcation and small beam convergence angle and ﬁnally
helps in a long depth of focus for the imaging of the pattern.19
3.2. Gas Field Ion Source Column. The generated
helium ions (He+) at the tip of the electrode then accelerated
C
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into the column. The column is a traditional two-lens (lens 1
and lens 2) electrostatic conﬁguration, along with beam
deﬂectors (quadrupoles and octopoles) and beam-limiting
apertures. The diverged ion beam crosses through the extractor
plate, converged by lens 1 at a certain point, which then
directed on-axis with the center of lens 2 using quadrupoles.
The adjustments to the quadrupole plate’s voltages can be
made during beam-limiting-aperture alignments, while the
aperture is located in the middle of the column. It is a disk-like
shape with an oriﬁce that helps to allow the center of the beam
to pass through the column. After the aperture, a beam blanker
is arranged to steer the beam toward the sample. As the name
suggests, the beam blanker is used to blank the beam and
measure the ion beam current as required by applying equal
and opposite voltages to the plates of the blanking aperture.
After crossing the beam blanking aperture, the ion beam
encounters the octopoles. The signals applied to the octopoles
by controlling the parameters such as the ﬁeld of view and the
image size (pixels) cause the deﬂection of the ion beam to scan
across the target. Lastly, the ion beam is managed by the last
element of the GFIS column, lens 2, to focus onto the target.
The voltage across lens 2 can be controlled by adjusting the
focus through a knob present on the panel. The GFIS gun as
well as the column are operated under high vacuum ranging
from 10−9 to 10−10 Torr, to avoid interference from other gas
particles or ions.19
3.3. Process Chamber. The samples are set in the process
chamber, which is seated at the base of the apparatus, beneath
the column. The chamber is comprised of the stage, cradle and
tilt assembly, camera, a ﬂood gun, and several signal detectors,
such as an Everhart−Thornley (ET) detector, to collect
emitted SEs and an optional microchannel plate (MCP)/
silicon drift detector to utilize backscattered He+ from the
sample surface. It is maintained at a high vacuum of typically
∼10−7 Torr, and the helium ion beam is focused on the sample
to the pattern in a deﬁnite manner per the requirements.19
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Figure 3. Monte-Carlo modeling results for representative beams into
silicon. Near the surface, where secondary electrons can escape, the
helium beam produces a very narrow excited volume. Hence the
helium image contains surface information about the probed area..
Reprinted with permission from ref 15. Copyright 2007 AIP
Publishing (to improve image resolution, the ﬁgure has been modiﬁed
to 3D by taking the interaction volume from the original ﬁgure).

4. HELIUM ION−MATERIAL INTERACTION
4.1. Interaction Volume. Interaction volume is known as
the predictable volume of the sample which is excited and
aﬀected by the primary beam. The shape and size of this are
determined by the factors such as the type of charged particle,
the angle and the energy of the incident beam, and the
composition of the resist material (mass and density). As
depicted in Figure 3, the He+ beam penetrates deep into the
sample before it diverges compared to Ga+ and electron
beams.15 At this time, the generated secondary electrons (SEs)
do not escape and the interaction of SEs with the material is
constrained to lesser volume.15 This phenomenon was studied
using Monte Carlo simulation for three diﬀerent charge
particle beamsGa+ beam (at 30 keV), low-energy e-beam (at
1 keV, generally preferred over high-energy e-beam to reduce
proximity eﬀect comparatively), and He+ beam (at 30
keV)15,19 which evidently proved that the interaction of a
focused He+ beam with the target sample is signiﬁcantly lower
in comparison to the other two competitive charged particle
beams.19
As soon as the beam of irradiation particles hits the sample,
the chain of reactions starts to occur on the basis of the
composition of the material. This interaction takes place not
only at the point of the incident but also deep into the material
(Figure 4).17,19 The distribution of generated SEs depends
upon the interaction volume of the irradiated beam over the

Figure 4. Schematic of the interactions of primary energetic He+ ion
beam with a resist layer on the silicon substrate, showing the
production of secondary electrons, which is the main driver for the
resist exposure. Three factors limiting the lithographic resolution are
the spot size of the beam, ion scattering, and secondary electron
emission. Reprinted with permisson from ref 19. Copyright 2016
Elsevier.

sample. If the interaction volume is less, then the generated
SEs are constrained to a small area which allows a high
resolution.33 In the case of HIBL, the SEs are generated from
the cylindrical interaction volume at the He+ beam penetration
point with a diameter ∼ 1 nm and an eﬀective diﬀusion length
≤ 3 nm. Such a small probe volume assists with accomplishing
extremely high resolution in HIBL.34 Since the helium ion is
lighter than its present competitive sample nuclei and heavier
than electrons, it does not deﬂect from the original path of the
beam. Hence the helium ions penetrate considerably into the
sample before even they disperse. This outcome leads to a
decrease in the backscattering and ultimately a decrease in the
proximity eﬀect in contrast to EBL and results in highresolution dense patterning.35
4.2. Secondary Electron Generation. The mechanism
for the generation of SEs during the process of ion beam
lithography is similar to EBL. In both, primary particles
generate low-energy SEs and are responsible for bond-breaking
D
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or cross-linking reactions. However, the helium ion beam
produces more SEs compared to electron beam. Because of the
higher mass of He+ ion than that of electron, a small amount of
He+ beam energy is suﬃcient to excite more electrons on
collision. On an average, 2−8 SEs can be generated from each
of He+ particles.19 But the number of SEs in EBL is 0.5−1.25
by each of the incident electrons.15,36 Further the high yield of
SEs helps in improving the signal-to-noise ratio (S/N) for
better imaging. Diﬀerent materials produce diﬀerent numbers
of SEs and allow the imaging with good contrast for superior
resolution.37
4.3. Exposure Dose−Sample Damage. Since the ions
have a much larger momentum compared to electrons, they
can cause more damage to the sample. In the case of He+ ions,
they are lighter than Ga+ ions and therefore can be utilized as a
source for many FIB processes.19 So He+ ion has less impact
on the sample, allowing less material contamination. At the
same time, He+ ion shows low ion backscattering that helps in
deep penetration into the sample. Typically the penetration
depth of 30 keV He+ ions is several hundreds of nanometers.
But the common thickness of the resist is in the range of 10−
100 nm scale. So, the ion beam can penetrate into the
underlying material, substrate, and cause the damage. When
the dose of the ions is high, then the ion-induced damage zone
can be formed, which can result in altering the material
properties, surface swelling, amorphization, and bubble
formation.38,39 To circumvent this issue, the dose has to be
optimized during HIBL process. Livengood et al. studied the
experimental damage volumes as a function of ion dose with
Monte Carlo simulations using the SRIM software package.38
The investigations showed that the negligible physical damage
is observed with a dose ∼10 μC/cm2.38
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Figure 5. Calculated curves of energy deposition rate in PMMA resist
as a function of the penetration depth: (a) 20 kV electron, (b) 200 kV
He+, (c) 60 kV He+, (d) 250 kV Ar+, and (e) 150 kV Ar+. For the
curves of the ions, solid and broken lines are of electronic and nuclear
collision loss, respectively. Reprinted with permission from ref 40.
Copyright 1979 IOP Publishing Ltd. (to improve image resolution,
the x-axis and y-axis labels are rewritten).

5. RESIST MATERIALS FOR HIBL

positive tone ﬁrst and negative tone with increasing dose. Nevertheless, PMMA is highly sensitive to HIB compared to e-beam. The
observed HIBL dose is ∼2 μC/cm2, while EBL showed more or less
60 times less sensitivity with a dose of ∼120 μC/cm2 (Figure 6).41
Later, the diﬀerence in the proximity eﬀect between HIBL and EBL
was studied using the doughnut method described by Stevens et al.42

Several He+ beam sensitive materials were reported in the literature
including organic, inorganic, hybrid organic−inorganic, and nanoscale
materials.
5.1. Organic Resists. Various classes of materials have been
investigated for lithographic evaluation under helium ion beam.
Among all organic resists, particularly polymers such as poly(methyl
methacrylate) (PMMA) are basic materials which show excellent
sensitivity. Though they require a low dose, they suﬀer from pattern
collapse.18 At a high aspect ratio, these resists will have less
mechanical strength and tend to collapse. In this context, the
materials with requisite characteristics have to be designed and
applied.18
5.1.1. Poly(methyl methacrylate). PMMA is an example of organic
material that acts as a positive tone resist. Basically, this kind of longchain polymer undergoes chain scission upon exposure to the beam of
charged particles. The polymer breaks into smaller fragments with low
molecular weight which possess more solubility than the long-chain
polymer in a developer. As the exposed region dissolves in the
developer and the remaining polymer stays as a structure, positive
patterns are developed. In the past many years, PMMA has been used
as one of the eﬃcient primary resist materials for HIBL due to its
adhesion capability over silicon substrates and low cost. In the late
1970s, PMMA with an average molecular weight of 1.85 × 105 g/mol
was patterned to 2.7 μm feature size with a helium ion dose ∼ 17 μC/
cm2.40 The ion beam interactions with polymer resist include
electronic and nuclear collisions. These two components act
diﬀerently and lead to diﬀerent chemical modiﬁcations and energy
depositions. Further, the energy deposition rate also depends on the
penetration depth as shown in Figure 5.40
Shi et al. explored the patterning performance of PMMA 495 K
(4.95 × 105 g/mol) with EBL and HIBL.29 The dose−response curve
from the large area of resist ﬁlm reveals that the PMMA behaves as a

Figure 6. Comparison of the dose−response curves for 20 nm thick
poly(methyl methacrylate) in electron beam lithography and helium
ion beam lithography (HIBL). The measured sensitivities of 120 and
2 μC/cm2 reveal a 60-fold improvement with HIBL. Reprinted with
permission from ref 41. Copyright 2017 SPIE.
E
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From the Gaussian approximation of the proximity equation, the
range of backscattered ions/electrons was determined to be 67.1 nm
and 3.26 μm for HIBL and EBL, respectively.29 This suggests that
HIBL is capable of producing high-density patterns with 50 times less
proximity eﬀect. This reduction in proximity eﬀect supports the
patterning of high-resolution dense patterns with an average critical
dimension of 11.5 nm.29
At an increased exposure dose, PMMA acts as a negative tone
resist. This could be due to cross-linking between the fragments at
high concentrations. As the bond scissions happen to increase, then
there are chances for coupling reactions to form a macromolecular
network. The sensitivity dose observed for the negative tone
patterning with PMMA is 68 μC/cm2.30
5.1.2. Allotropes of Carbon. Carbon allotropes, viz., graphene and
fullerene, are potential sources for the micro-/nanoelectronic
devices.43−48 Graphene is a two-dimensionally arranged carbon
crystal and shows high stability. A suspended graphene nanodevice
was fabricated by etching the graphene using a helium ion beam to a
minimum feature size of ∼10 nm.49 Afterward, graphene nanoribbon
(GNR) arrays were fabricated with a width down to 5 nm half-pitch
by Abbas et al.50 Figure 7 shows the helium ion microscope (HIM)
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Figure 8. (a) Molecular diagram of generic fullerene resists. R
represents the attached side chains to the C60 molecule. (b)
Schematic showing the comparison between patterns formed from a
high molecular weight resist and those from a low molecular weight
resist after development. Reprinted with permission from ref 51.
Copyright 2016 Elsevier B.V.
be relatively less sensitive.51 The fullerenes with a smaller molecular
size ∼ 0.7 nm and molecular weight (Mw) ∼ 1000 oﬀer excessive
potential to expand lithographic resolution with a reduced LER
(Figure 8b). Since the molecular size and weight are less, the
molecules on the edge of a line will not create much roughness.
Hence the LER values are minimized with these parameters. In this
context, a methanofullerene derivative of C60 was explored for HIBL
fabrication. The large area of fullerene derivative exposed with ∼40
μC/cm2 with a 30 keV helium ion beam resulted in 7.3 nm line
features.51 The same resist has been demonstrated to pattern 8.5 nm
half-pitched lines with good feature separation.51
5.2. Inorganic Resists. Unlike organic resist materials, inorganic
resists exhibit improved properties such as high contrast and
enhanced etch resistance.18 However, inorganic resists are disadvantageous because of their low sensitivity. The chemical structure of
inorganic material is very stable, and this makes it hard to respond for
radiation, but on the other hand, it restricts the pattern collapse.
Hence the selection of resist for a particular application is
important.12,18
5.2.1. Hydrogen Silsesquioxane. Hydrogen silsesquioxane (HSQ)
is an example of inorganic resist material and a good example of a
high-resolution negative tone resist. HSQ resist consists of Si−H
bonds,54 which undergo bond-breaking under the inﬂuence of beam
of radiation, and Si centers cross-link to form a less soluble/insoluble
inorganic matter. The bond energy of Si−H is ∼3 eV, which can be
aﬀected by the secondary electrons generated during the exposure. In
this context, HSQ is a benchmark negative tone resist for the e-beam
and EUV lithographic applications.30,55−57 The critical dimensions of
the patterns have reached down to sub-10 nm. Sidorkin et al. explored
the patterning potential of HSQ toward scanning helium ion beam
lithography (SHIBL).58 Isolated dot patterns were attained in 5 and
55 nm thick HSQ ﬁlms at a pitch of 98 nm. The diameters of the dot
patterns are ∼6 and ∼14 nm for 5 and 55 nm thick ﬁlms, respectively
(Figure 9). These results demonstrate that HSQ is sensitive to the
helium ion beam with a dose of 31 ± 3 μC/cm2. This dose is nearly
4.4 times less in contrast with EBL dose. This concludes that this
HSQ material under HIB shows high resolution with superior low
proximity eﬀect.58
Winston and co-workers found that sub-10 nm half-pitch
patterning is feasible with HSQ resist. The 20 and 10 nm nested“L” structures were fabricated in HSQ thin ﬁlms with a line dose of
0.0834 nC/cm.17 These patterns were developed in an aqueous salt

Figure 7. (a−c) Helium ion microscope images of (a) 5, (b) 6, and
(c) 7.5 nm half-pitch arrays. (d) Helium ion microscope image of
high aspect ratio GNRs (width × length is 5 nm × 1200 nm). (e)
Helium ion microscope image shows a smooth interface between
graphene and patterned GNRs. For all images, bright lines represent
graphene. Reprinted with permission from ref 50. Copyright 2014
American Chemical Society.
images of various graphene nanoribbon half-pitch patterns. The
graphene nanoribbon (GNR) arrays with controlled width, space, and
alignment were obtained. This patterned graphene device was then
utilized as NO2 gas sensor.50
In addition to graphene, fullerene-based molecular resists also were
explored as potential materials for application toward HIBL.51 These
fullerene-based materials show the low molecular size, and thus they
appeared to be potential for high-resolution patterning. The
derivatives of fullerene act as a negative tone molecular resist in
which the fragmentation of fullerene cage and subsequent crosslinking give an insoluble residue. As shown in Figure 8, derivatives of
fullerene consist of functional groups on the surface of the cage which
undergo chemical changes upon exposure with a beam of radiation.
The high-resolution isolated line features were attained by EBL on
chemically ampliﬁed fullerene derivatives with a line width of 13.6
nm.52 The nonchemically ampliﬁed fullerene resists can have high
etch resistance due to their high carbon content (more than known
commercial resist SAL601 and close to eight times more than that of
silicon under plasma etching).51,53 Therefore, the fullerene-based
resists are considered as potential resists for NGL.51 But they are less
sensitive under EBL compared to commercial resists. Although better
resolutions were achieved with n-CARs using EBL, they were found to
F
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Table 1. Sensitivity and Contrast for HSQ and PMMA 950k
for He+ and Electron Exposures at 30 keVa (Reused with
Permission from Reference 30. Copyright 2012 Springer
Nature)
resist
beam
sensitivity (μC/cm2)
contrast
enhancement
a

Figure 9. SEM images of arrays of dots written in (a) 5 and (b) 55
nm thick HSQ layers at 98 nm pitch using scanning helium ion beam
lithography. Field of view is 900 nm in SE mode at 20 kV. Average dot
diameters: (a) 6 ± 1 and (b) 14 ± 1 nm. Reprinted with permission
from ref 58. Copyright 2009 American Vacuum Society.

HSQ
e−
94
2
−

PMMA-pos.

He+
1.7
2.3
55

e−
138
4.2
−

He+
2
3.7
69

PMMA-neg.
e−
7891
3.9
−

He+
68
4.7
116

The accuracies of dose and contrast are 2% and ±0.5, respectively.

beam.63 The results showed the line patterns below 10 nm (Figure
11) and the turn-on-dose, D100 (the dose at which the developed

developer (1% NaOH, 4% NaCl solution (w/v)). Later, the line
pattern dimensions have been extended to single digit nanometer by
Li et al.26 Here they have fabricated a series of nested-L patterns with
scanning focused helium ion beam by combination with nanoimprinting procedure. As shown in Figure 10, the 4 nm half-pitch

Figure 11. Line patterns showing below 10 nm average line width and
LER (3σ) 2.9 nm. Reprinted with permission from ref 63. Copyright
2016 SPIE.

features start to have 100% of as-deposited resist thickness), was
determined to be ∼4 μC/cm2. This dose of HIBL is far better
compared to the dose of EBL (∼420 μC/cm2); it shows nearly 100fold higher sensitivity. Moreover, D50 eﬀectively reached ∼1 μC/cm2
which matches with the sensitivity of chemically ampliﬁed resist
(CAR) (0.93 μC/cm2).63
5.2.3. Alumina-Based Resist. Cattoni et al. have achieved sub-10
nm features with alumina-based resist material by HIBL.64 Previously,
Brusantin and co-workers developed this hybrid organic−inorganic
resist and investigated its EBL performance.65 This resist is
synthesized by sol−gel synthetic method and forms inorganic alumina
upon exposure to the beam of electron or photon. Consequently, the
radiation exposure results in chemical changes in the organic part of
the material leading to solubility switch. Therefore, FHIB has been
used to pattern 5 nm isolated lines and dense line patterns with 20 nm
pitch.64 Various isolated pitches and pitches of 64, 40, and 20 nm
were demonstrated with the 30 keV FHIB, dose ranging from 200 to
700 μC/cm2 (Figure 12). The observations found results superior to
those of EBL, due to less proximity eﬀect. Further, the resolution,
LER, and selectivity were substantially improved. However, the
limitations associated with this alumina resist are in terms of stability,
the time window of the process, and resist solution lifetime. But these
variables can be addressed by optimizing other parameters such as
postapplication bake (PAB), postexposure bake (PEB), and developer
concentration, etc.64
5.2.4. Change in Electronic and Optical Properties of MoS2 by
HIB. Helium ion beam is able to change the crystal structure, which in
turn may modify the electronic and optical properties of some of the
materials, such as MoS2.66−68 This has been realized since helium ion
eﬀectively interacts with the material and brings in various changes
including structural changes, compositional changes, geometrical
changes, and material properties. Therefore, amorphous MoS2
nanostructures with metallic behavior were fabricated.69 The
structures with 7 nm dimensions and minimized edge damage (∼1
nm) were achieved successfully (Figure 13). Along with MoS2, other
materials were also investigated such as Mn2O3 and TiO2, and their
corresponding nanoribbons were created by He+ milling.69

Figure 10. SEM images of (a) 5, (b) 4, and (c) 3.5 nm half-pitch
nested-L’s formed by helium ion beam lithography in an HSQ layer
that was subsequently developed to remove the unexposed resist.
Half-pitch patterns of 5 and 4 nm were clearly resolved. Although the
3.5 nm half-pitch patterns were not completely resolved, there were
regions in which individual lines are distinct. Reprinted with
permission from ref 26. Copyright 2012 American Vacuum Society.
features are patterned with a considerable resolution, while 3.5 nm
HP patterns are not completely resolved.26 This method has been
useful to reuse the master molds to reproduce the structures which
decrease the cost and improve the throughput.19
The HSQ thin ﬁlms were etched under neon and helium ion
focused beam. Both beams exhibited the etching, but the etching rate
slows with the helium ion beam. Nevertheless, helium ion focused
beam can selectively eliminate the residual particles from the HSQ
patterns.59
Sensitivity and contrast comparisons between EBL and HIBL with
PMMA and HSQ resists are tabulated in Table 1. Irrespective of the
type of material, HIBL shows superior sensitivity compared to EBL,
whereas the contrasts are more or less equal with both tools.30
5.2.2. Hafnium-Based Resists. Hafnium sulfate is an inorganic
compound and was reported to be an excellent source for the negative
tone patterning under electron beam and UV photon exposure. This
compound acquires the resist capability after adding a radiationsensitive species, hydrogen peroxide (H2O2), to it.60 HafSOx forms
small clusters which are considered as building blocks of this inorganic
resist.61,62 This eﬀective particle size allows the patterning with high
resolution and low LER. Luo et al. carried out the lithographic
performance of HafSOx by exposing it to He+ ion and electron
G
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Figure 12. SEM images of FHIB exposed alumina resist (20 nm thick). (a) 5 nm isolated line exposed with BSS = 1 nm. (b) 20 nm lines exposed
with BSS = 16 nm and p = 64 nm. (c) 10 nm lines exposed with BSS = 5 nm and p = 40 nm. (d) 10 nm lines exposed with BSS = 1 nm and p = 20
nm. Reprinted with the permission from ref 64. Copyright 2018 Elsevier.
5.3. Chemically Ampliﬁed Resists. Many chemically ampliﬁed
resist substances are being used for nanofabrication using diﬀerent
lithography techniques including DUVL, EUVL, EBL, and so on.
Likewise, CARs can also have the potential toward nanofeature
fabrication by ion beam lithography. The chemically ampliﬁed resist
composition generally contains a polymer bearing acid labile group
and a photoacid generator (PAG) as the key components. The acid
labile group is responsible for polarity switching when it is
deprotected upon chemical reaction with acid. The lithographic
mechanism using CARs involves the presence of a photoacid
generator (PAG).32 This PAG generates the strong acid functionalities during the exposure, and these will initiate and catalyze the
chemical reactions during postexposure bake. Thus, the sensitivity
may be enhanced. But there are some factors that aﬀect the high
resolution of the patterns. Acid diﬀusion is one among them; if the
diﬀusion of acid is non-uniform in the resist thin layer, then it leads to
creation of uneven modiﬁcations. Due to acid diﬀusion, the roughness
at the edges of the lines arises.32 However, it can be avoided by
incorporating the PAG in the backbone of the resist,32 though
conventional CARs are highly sensitive toward radiation but they
often have less etch resistance.12 The acid generation can also be
triggered by helium ion beam which subsequently leads to formation
of a pattern after PEB and development. In this context, the HIBL
LER eﬃciencies of various CAR substances were examined by EderKapl et al. They assessed the competence among Shipley UVIIHS,
Shipley F, Inﬁneon experimental CAR no. 1 and Inﬁneon
experimental CAR no. 2 (Table 2).31
5.4. Organic−Inorganic Hybrid Resists. In addition to CARs,
nonchemically ampliﬁed resists (n-CAR) have also been considered
for HIBL application. Currently, many novel hybrid organic−
inorganic n-CARs are developed for this purpose. The synergistic
interactions between organic and inorganic units can lead to enhance
the properties such as sensitivity, adhesion, resolution, and etch
resistance as compared to pure organic resist ﬁlms.71−73 In this
perspective, a new n-CAR MAPDSA-co-MAPDST (Figure 15) was
developed by our group for sub-20 nm patterning studies using HIBL
technique.74 This has been reported as the ﬁrst helium ion active
hybrid resist. Here MAPDSA [(4-(methacryloyloxy)phenyl dimethylsulfoniumhexaﬂouroantimonate)] is an inorganic antimony containing monomer, whereas MAPDST [(4-(methacryloyloxy)phenyl)
dimethylsulfonium triﬂuoromethanesulfonate] is a radiation-sensitive
organic moiety that can undergo chemical transformations to create
polarity diﬀerences. The hybrid copolymer resist MAPDSA-MAPDST
was synthesized by copolymerization of two units. The 2.15%MAPDSA-MAPDST resist was used to pattern 20 nm (L/4S) features
at a dose of 60 μC/cm2 with ultralow sensitivity (7.2 μC/cm2) and
LER (1.27 ± 0.31 nm) as shown in the Figure 16. These LER values
were found to be better than the earlier reported HIBL resist
materials.74
Later, we developed another hybrid organic−inorganic n-CAR, i.e.,
MAPDST-co-ADSM (ADSM = (acetyldibutylstannyl methacrylate))
for nanopatterning by HIBL.75 As depicted in Figure 17, the inorganic
ADSM is a tin containing compound and acts as a sensitizer. This
MAPDST-co-ADSM resist with 2 wt % ADSM showed sub-15 nm
negative tone patterns at a dose of ∼50 μC/cm2. These patterns

Figure 13. He+ fabricated freestanding nanoribbons in 2D materials.
(a) TEM image of a 9 nm wide crystalline MoS2 nanoribbon. (b) 5
nm wide amorphous MoS2 nanoribbon. (c) Amorphous nanoribbon
with a minimum width of less than 1 nm. (d) STEM image of a 7 nm
wide crystalline MoS2 nanoribbon. (e) 9 nm wide crystalline Mn2O3
nanoribbon milled with HIM. (f) TiO2 edge milled with HIM. (g)
Array of 10 nm wide Mn2O3 nanoribbons milled with HIM. Reprinted
with permission from ref 69. Copyright 2015 American Chemical
Society.
Recently, rhombus-shaped nanopores were created in MoS2
monolayers using He+ beam.70 In this work, the eﬀect of He+ dose
on the shape and size of the nanopore has been investigated. At lower,
medium, and high doses corresponding elliptical-, rhombus-, and
polygon-shaped nanopores were observed, respectively (Figure 14).

Figure 14. Scanning transmission electron microscopy−high-angle
annular dark ﬁeld (STEM-HAADF) images of nanopores to show the
evolution of nanopore shapes as the dose increases. The beam is
modulated to be elliptical. (a) STEM-HAADF image of nanopores
drilled at low dose (2.17 × 10−5 to 4.34 × 10−4 nC). The elliptical
nanopore is guided by an elliptical frame. (b) STEM-HAADF image
of nanopores drilled at a medium dose ((4.557−8.68) × 10−4 nC).
Rhombus-shaped nanopore is guided by a rhombus frame. (c) STEMHAADF images of nanopores drilled at a large dose (8.897 × 10−4 to
2.17 × 10−3 nC). The polygon-shaped nanopore is guided by a
polygon frame. Reprinted with permission from ref 70. Copyright
2020 IOP Publishing Ltd.
H

https://dx.doi.org/10.1021/acsaelm.0c00627
ACS Appl. Electron. Mater. XXXX, XXX, XXX−XXX

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

Review

Table 2. Resists and Processing Parameters Used for the Experiment (Reused with Permission from Reference 31. Copyright
2004 Elsevier)
resist
resist thickness
prebake
post exposure bake
development
dose to clear large
areas
remarks

Shipley UVIIHS

Shipley F

Inﬁneon CAR no. 1

Inﬁneon CAR no. 2

290 nm
130 °C/60s
130 °C/90s
20 s LDD26W
0.2 μC/cm2

150 nm
130 °C/60s
130 °C/90s
45 s LDD26W
1.4 μC/cm2

150 nm
140 °C/60s
140 °C/60s
30 °C/60s
30 s, 2:1 H2O:TMAH
0.9 μC/cm2
1.0 μC/cm2

180 nm
140 °C/60s
140 °C/60s
60 s, 2:1 H2O:TMAH
30 s, TMAH (pure)
1.8 μC/cm2
0.7 μC/cm2

high sensitivity

similar to UVIIHS with unknown
additives

methacrylic acid copolymer
with suitable PAGa and base

similar to Inﬁneon CAR no. 1 but with reduced
solvent for thicker resist layers

a

PAG = photoacid generator.

Figure 15. Chemical structures of the 2.15%-MAPDSA-MAPDST
copolymer resist. Reprinted with permission from ref 74. Copyright
2017 SPIE.

Figure 17. Chemical structure of MAPDST-co-ADSM copolymer
resist for HIBL studies. Reprinted with permission from ref 75.
Copyright 2018 SPIE.

Figure 18. Dose test analysis of single pixel line patterns of the Lshaped features obtained from the MAPDST-co-ADSM resist at
various doses (a) 30, (b) 40, (c) 50, and (d) 100 pC/cm. Reprinted
with permission from ref 75. Copyright 2018 SPIE.
inﬂuence the resolution and sensitivity of the material, Kumar et al.
have developed a negative tone nickel-based, metal−organic cluster
(Ni-MOC) for HIBL application (Figure 19).79 This MOC cluster

Figure 16. Line features of 20 nm (L/4S) of the 2.15%-MAPDSAMAPDST resist at various doses: (a) 50, (b) 60, (c) 340, and (d) 540
μC/cm2. Reprinted with permission from ref 74. Copyright 2017
SPIE.

Figure 19. Nickel metal−organic clusters have been designed for
next-generation lithography and patterning of sub-10 nm features
using HIBL. Reprinted with permission from ref 79. Copyright 2020
American Chemical Society.

exhibited clear LER and LWR values as ∼1.67 ± 0.27 nm and ∼2.20
nm respectively. Then, the single-pixel exposure led to producing the
line pattern of 10 nm with a dose of ∼50.48 pC/cm (Figure 18).75
The inorganic tin sensitizer was probably responsible for the better
resolution. In addition to experimental details, Monte Carlo (MC)
ion trajectory simulations were carried out to elucidate the sample
damage and the energy transfer eﬃciency.
Recently, metal−organic clusters (MOCs) have attained considerable attention largely due to their narrow size distribution and
uniform thin ﬁlm formation potential.76−78 Since these factors

consists of a nickel core covalently linked with an organic ligand, mtoulic acid, to form a building block with an average cluster diameter
of 2 nm. These synthesized Ni-MOCs showed well-resolved ∼9 nm
line patterns at a sensitivity of 22 μC/cm2. Furthermore, low LER and
LWR were achieved as 1.81 ± 0.06 nm and 2.90 ± 0.06 nm,
respectively.79
Lewis et al. have developed a chromium-based negative tone
metal−organic resist for the application toward the fabrication of ﬁeld
emission transistor.76,80 The structure of the resist is shown in Figure
I
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plasmonic eﬀect. These plasmons cause photomultiplication, in which
plasmons eﬀectively interact with the proximate regime in order to
enhance the kinetics.82 Profoundly, this photomultiplication can
promote high-volume manufacturing (HVM) by next-generation
lithography.83 With the beneﬁts supported by the plasmonic NPs,
those can be used instead of PAG in polymers for the same custom.
Sharma et al. designed a negative tone nanochemically ampliﬁed resist
with silver nanoparticles embedded in MAPDST homopolymer
(Figure 22).84 The diameter of Ag NPs is ∼2 nm and showed O.D.

Figure 20. Structure of the Cr8F8(pivalate)16 molecule in a ball-andstick representation. Chromium atoms are green, and ﬂuorine atoms
are yellow. Hydrogen atoms are omitted for clarity. Reprinted with
permission from ref 76. Copyright 2019 American Chemical Society.
tert-butyl groups (pivalates), and these pivalate groups help in the
solubility of the resist in nonpolar solvents. Therefore, the chemical
formula of this resist is denoted as Cr 8 F 8 (O 2 C t Bu) 16 or
Cr8F8(pivalate)16. This resist showed the capability to produce sub10 nm structures on silicon and tungsten by HIBL. The HIBL dose to
fabricate the 5 nm wide, continuous lines on 16 nm pitches is 22 pC/
cm. Figure 21 represents various sizes of features and their
Figure 22. Schematic synthesis of MAPDST-Ag. Reprinted with
permission from ref 84. Copyright 2020 SPIE.
12 with respect to carbon. This hybrid material was investigated under
He+ beam to fabricate ∼12 nm features with a sensitivity of 50.4 μC/
cm2 (Figure 23).84

6. CONCLUSION AND FUTURE PERSPECTIVE
In summary, HIBL is an emerging lithographic method to
pattern sub-5 nm high-density features. Various developments
in terms of technical aspects of the HIBL tool have been
carried out to minimize the probe size down to sub-nanometer.
The lighter and high-intensity helium ion beam is essential to
Figure 21. Plan-view HIM images of lines spaced with pitches of 22,
20, 18, and 16 nm on silicon substrate (a−d, respectively) and on a
100 nm thick tungsten ﬁlm that was sputter-deposited onto a silicon
substrate (e−h, respectively). Average width (w), standard deviation
(σ), and line-edge roughness (LER) (3σ) to the nearest 0.1 nm were
determined using GenISys ProSEM software. Reprinted with
permission from ref 76. Copyright 2019 American Chemical Society.
corresponding dosages on silicon and tungsten substrates. After
exposure, this metal−organic resist undergoes chemical changes to
produce a chromium oxide based material which will exhibit high etch
resistance.76
5.5. Nanoparticles. In recent time, metal nanoparticles (NPs)
have gained signiﬁcant importance in the ﬁeld of semiconductor and
electronics industries. Diﬀerent properties associated with the metal
NPs lead to varying electronic band gap and photoabsorption
enhancement.81 Particularly, some of the metal NPs show highabsorption cross-section due to their high optical density (O.D.).
Such characteristic properties of those nanoparticles, result in
producing the plasmons by absorbed photon from the NPs, called

Figure 23. High-resolution patterning with HIBL; line/space patterns
of 20, 30, 50, and 100 nm on MAPDST-Ag (top row). Isolated lines
of 11.5 and 15 nm with ultralow LER (bottom row). Reprinted with
permission from ref 84. Copyright 2020 SPIE.
J
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decreasing the backscattering and also to producing a large
number of secondary electrons. These particular features make
He+ as a prominent source to reduce the proximity eﬀects.
Moreover, this property helps in enhancing the resolution and
sensitivity of the particular resist material with respect to the
electron beam. Though the ion beam aﬀects the target sample
during exposure, it can be overcome by optimizing the dose.
Given the advantages of HIBL, several resist materials were
designed, developed, and investigated under He+ beam to
generate the patterns. The quite known organic polymer,
PMMA, has been investigated to act as a positive as well as
negative tone resist under He+ beam. At lower doses, it acts as
a positive tone resist, but at higher dose it behaves as a negative
tone resist. Other organics such as carbon allotropes also were
successfully established to have potential as resists for HIBL
technology. In addition to organics, various inorganic materials
such as HSQ, HfSOx, alumina, and MoS2, etc., have been
explored to be negative tone thin ﬁlm resists for HIBL.
Further, organic−inorganic hybrid resists were utilized to
improve the sensitivity of the material. Also, these hybrid
resists possess good etch resistance which in turn lower the
sample damage. Later, the possibility of using plasmonic metal
nanoparticles embedded into the resist matrix to improve the
sensitivity by the photomultiplication process was successfully
explored and established. Irrespective of the type of the
material, HIBL is a promising candidate for patterning because
of the practically negligible BEs from the resist−substrate
interaction, which potentially make it ideal for both a conﬁned
and highly dense feature, and it performed superior to electron
beam in most occasions. But it is limited by throughput and
large-scale patterning as it is a serial-writing technique.
However, given its potential in patterning sub-5 nm features,
and considering this technology as an emerging nanopatterning
lithography technique, a large scope for a new and eﬃcient
resist platform still remains there as the number of resists for
HIBL are quite limited in the literature.
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