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1 Abstract

Helium-ion-beam lithography has many advantages relevant to the fabrication of

dense arrays of nanostructures such as a small probe size, large depth of field, and

reduced proximity effect. Here, we calculate and measure the lithographic point-spread

functions (PSFs) of 30 keV He+ ions in negative-tone polymethyl methacrylate

(PMMA) and a fullerene-derivative resist on ultrathin silicon nitride membranes and

compare the results to similar work by Manfrinato et al.1 measuring the PSF of 200 keV

electrons in PMMA using an aberration-corrected scanning transmission electron

microscope (STEM). PSFs were calculated using the method reported previously by

Winston et al.2 Our results show that both the He+ ion/PMMA and He+

ion/fullerene-derivative resist PSFs decay more rapidly with distance, r, from the point

of incidence of the beam than the corresponding aberration-corrected electron

beam/PMMA PSF. In fact, the He+ ion PSFs decay approximately with r−4 while the

aberration-corrected EBL PSF decays approximately with r−2. This result implies that

the lateral area exposed by the focused beam increases more rapidly with dose for e−

beams than He+ beams. Effectively, this should result in reduced proximity effect in

helium-ion-beam lithography. This work provides further evidence that HIBL offers

distinct advantages over EBL for high-resolution and high-density patterning as well as

highlighting some benefits of the fullerene-derivative resist over PMMA.

2 Introduction
Helium-ion-beam lithography (HIBL) offers significant advantages over

electron-beam lithography (EBL) for fabrication of dense arrays of nanostructures. The

helium-ion microscope offers a beam diameter as small as 0.25 nm, and lower

beam-convergence angle at the sample than an electron beam of equivalent energy in an

electron microscope.3,4 Thus He+ ion beams have a larger depth of field than electron

beams having equivalent kinetic energy.3–6 The slower velocity and larger mass of He+

ions relative to electrons of equivalent kinetic energy results in increased interaction

strengths with matter giving He+ ions larger secondary electron (SE) yields, thus

allowing more efficient lithographic exposure.7–9 He+ ion beams also exhibit a reduced

2



proximity effect relative to electron beams of equivalent energy.10

Close to the sample surface, He+ ion beams typically exhibit lower scattering angles

relative to electron beams of equivalent kinetic energy.11 For example, Cohen-Tanugi et

al.12 estimated an interaction radius of 1 nm for 30 keV He+ ions at a depth of 10 nm

beneath the surface of a silicon substrate. For electrons and Ga+ ions of the same

energy, the interaction radii at this depth were 2 nm and 15 nm respectively. While the

interaction radius of 30 keV electrons is similar to that of He+ ions, secondary electrons

(SEs) are still generated beyond this radius. This is because SEs can be generated via

multiple direct and indirect pathways. SE1s, are generated directly by inelastic

scattering of the incident beam close to the sample surface.13 There are multiple routes

for the indirect production of type-2 SEs (SE2s). One mechanism for SE2 generation is

via inelastic backscattered particles as they return toward the sample surface. A second

mechanism is the generation of SE2s by SE1s, however, given the low energy of SE1s

generated in helium-ion microscopy, this mechanism can be considered negligible.14 A

third route to SE2 generation is via recoil of atoms in the sample following interaction

with an incident energetic particle. Recoiling atoms can kinetically excite electrons

provided that the atom velocity is greater than the Fermi velocity of electrons in the

target.14 Moreover, electron energy-loss spectroscopy studies of the interaction of

energetic electron beams with resist layers have suggested that volume plasmons play a

role in lateral energy spread in EBL resists via the production of SEs at radial locations

of up to 10 nm from the incident beam.15 The lower velocity of helium ions relative to

electrons of the same kinetic energy may mean that electrons in the resist can respond to

screen the charge of a slow moving helium ion thus reducing the probability of plasmon

excitation.16 Ramachandra et al.17 performed numerical calculations to determine the

SE2:SE1 ratio for a range of materials and found that a higher ion energy (>10 keV)

yields a lower SE2:SE1 ratio, and thus yields higher resolution. The escape depth, λd, of

SEs is material dependent. Ramachandra et al.17 calculated λd for the interaction of

He+ ions with a wide range of elemental targets and found values of λd typically fell in

the range 0.75-1.2 nm. SEs generated by the He+ ion beam thus escape from a volume

within approximately 1 nm of the point of incidence of the beam. In an electron beam,

SE2s can be generated micrometres away from the incidence beam. Consequently, in
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EBL one can expect resist exposure over an area significantly greater than the area of

the probe.11,18

A point spread function (PSF) describes the response of an imaging system to a

point source of radiation. In the case of HIBL and EBL, the lithographic PSF describes

how energy from the incident beam is distributed laterally in the resist.8,15 An accurate

description of the PSF for HIBL and EBL is particularly important for the fabrication of

dense arrays of nanostructures. Overlapping dose tails of neighbouring point exposures

can result in unwanted exposure of regions between directly exposed features (proximity

effect). Thus, an accurate description of the PSF can determine how closely printed

structures can be resolved and can also be used to calculate corrections for the local

dose when patterning smaller features such as sharp points or small gaps, which are

desirable features in tunnel junction devices and plasmonic systems for example.19–22

In recent decades, nanofabrication on freestanding ultrathin membranes has gained

significant interest. The ability to fabricate nanostructures on ultrathin membranes is

key to a variety of emerging research fields such as matter wave optics and mask-based

matter wave lithography and microscopy.23–27 Fabrication of nanostructures and

nanoscale devices on ultrathin membranes enables characterization of these materials

and devices with atomic-scale resolution by (scanning) transmission electron

microscopy ((S)TEM) techniques including atomically-resolved imaging, electron

energy-loss spectroscopy and energy-dispersive X-ray analysis. TEM techniques are

important for the development of plasmonic nanostructures,28,29 nanoelectronic

devices,30 quantum devices,31,32 nanopores for DNA sequencing33 and they enable

atomic-scale characterization of nanomaterials such as catalysts.34 To date, TEM has

been used to directly visualise the interaction volume of a He+ beam in hydrogen

silsesquioxane (HSQ) resist on 20-nm-thick SiNx membranes.35,36 To our knowledge,

similar work using polymethyl methacrylate (PMMA) as a resist has not been

conducted, nor has a direct comparison to high-resolution aberration-corrected EBL.

Fabrication on ultrathin membranes reduces scattering of ions or electrons by the

substrate, thus reducing the proximity effect and allowing for higher lithographic

resolution. EBL has been performed previously on ultrathin membranes using
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aberration-corrected STEM.1,15,37 A high beam energy, ∼ 200 keV, results in reduced

scattering angles, leading to reduced proximity effects, while a spot size of 0.15 nm,

effectively eliminates the beam diameter as a factor limiting resolution. The advanced

optics of aberration-corrected STEM, and the use of an ultrathin membrane, minimises

scattering in the resist-substrate stack. This approach has been used to determine the

ultimate resolution of EBL.1,15,37 Ultrathin membranes are also of benefit for HIBL,

because in addition to reduced scattering by a thinner substrate, most He+ ions that

become embedded in the sample do so at a depth of >100 nm below the surface.38

Consequently, by fabricating features on thin substrates, damage due to helium

accumulation can be avoided, and SE generation in the substrate can be minimised. This

should further reduce the proximity effect, and help reduce any defects in fabrication

caused by damage to the sample, potentially allowing for the ultimate resolution of

HIBL to be explored. Here, we compare the resolution limits of HIBL with

negative-tone PMMA and fullerene-derivative resists on ultrathin membranes to

previous reports of the resolution limits of aberration-corrected EBL with negative-tone

PMMA on ultrathin SiNx.1,15

Recently, molecular resists, in particular fullerene derivatives, have gained attention

for extreme ultraviolet (EUV) and charged-particle lithography.10,39 Rao et al., found

that irradiating fullerene C60 films with visible or ultraviolet light resulted in

cross-linking of molecules in the film and a reduction in solubility in toluene.40 Tada et

al., were the first to describe fullerene’s use as an EBL resist, and subsequently there

was a push to develop new negative-tone fullerene-based resists.10,39,41,42 The exposure

mechanism of fullerene derivatives is thought to involve the fragmentation of the

fullerene cage, followed by cross-linking of the remaining fragments to form an

insoluble deposit. The small molecular size of these resists (∼ 0.7 nm) leads to the

expectation that the fragmentation of the resist during exposure will yield smaller

feature sizes and reduced line edge roughness (LER).10,43 To date, sub-10 nm features

have been achieved in fullerene derivative resists using HIBL.10,42 Furthermore, owing

to their high carbon content, fullerene-derivative resists have demonstrated high etch

resistance.44 Fullerene derivatives are therefore an attractive candidate for next

generation lithography processes.
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In this work, we calculate the PSF for both PMMA and a fullerene-derivative resist

on thin SiNx membranes (5-nm thick), and compare the calculated PSFs to experimental

results. Winston et al. developed a model to calculate the HIBL PSF for HSQ on bulk

silicon substrates.2 In the model, the simulation software Stopping and Range of Ions

in Matter (SRIM) is used to simulate the trajectories of incident ions in a sample.45 A

schematic depicting the interaction of He+ ions with the sample is shown in Figure 1.

The incident beam is scattered at random scattering sites and initial position, direction,

and energy of SEs generated by the incident ions are determined using a Poisson process

that traces along the He+ ion trajectories.46,47 The SE trajectories were calculated using

a Monte Carlo method developed previously for EBL.47 Finally, the model returns the

spatial distribution of energy deposited in the sample.

Figure 1: Schematic of interaction of He+ ion beam with the sample. Red arrows indicate
the path of scattered He+ ions. Black arrows indicate the trajectories of SEs generated by
He+ ions. The beam is scattered in various directions by the sample. SEs are generated
with paths perpendicular to the beam at points along the path of a He+ ion.

3 Experimental
PMMA (1 wt.% 950k molecular weight) in anisole was spin coated at 5 krpm

(PMMA thickness ∼ 25 nm) onto 3-mm-diameter Si discs containing 50 µm × 50 µm

windows of freestanding ultrathin 5-nm-thick SiNx (5-nm-thick SiNx membranes were

purchased from SiMPore Inc.). Coated discs were baked at 180 °C on a hotplate to

remove anisole solvent and relieve film stress. Fullerene-derivative resist in

cyclohexanone (HM120, Irresistible Materials Ltd.) was spin coated at 5 krpm onto

ultrathin 5-nm-thick SiNx membranes and baked on a hotplate at 70 °C for 5 mins,
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yielding a resist thickness of approximately 15 nm on the SiNx windows. Experimental

PSFs were measured by exposing square arrays of single-pixel exposures at various ion

doses using a pitch of 100 nm. Exposures were performed using a Zeiss Orion NanoFab

with a He+ ion landing energy of 30 keV. Point exposures were made within a 50 µm

writefield using a Raith Elphy Multibeam pattern generator. Typical experiments used a

beam current of 0.3-1.0 pA, 5 µm aperture, spot number of 4, working distance of 8 mm

and a helium pressure of 2 × 10−6 Torr. Ion dose per pixel was varied as shown in the

PSF plots included in Figure 3. PMMA samples were developed by immersion in

acetone followed by a rinse in isopropyl alcohol and drying under a flow of dry nitrogen.

Fullerene-derivative resist was developed by immersion in cyclohexanone for 30 s

followed by a rinse in isopropyl alcohol and drying under a flow of dry nitrogen.

Exposed structures were characterized by scanning electron microscopy (Zeiss Supra

40) and bright-field transmission electron microscopy (JEOL 2100 operating at 200

keV). A full description of the simulation methods used to calculate the PSF is given by

Winston et al.2 In order to calculate the PSF, the escape depth, λd, the effective energy

required to produce an SE, ϵ, the density, ρ, for both the resist and substrate, and the

energy and number of the incident He+ ions must be specified. Ramachandra et al.17

performed simulations to calculate these parameters for a wide range of elements.

Values of λd = 10.8 Å and ϵ = 59 eV were used to calculate the PSF for PMMA. These

are the values the authors calculated for elemental carbon, and were selected as there is

no data available for PMMA or elemental hydrogen or oxygen. Densities of 1.18 g/cm3,

1.0 g/cm3, and 3.17 g/cm3 were used for PMMA, the fullerene-derivative resist, and

SiNx respectively. The authors have measured a density of 1.47 g/cm3 for the

fullerene-derivative resist for much thicker 200-nm-thick films, but simulated He+

scattering was not observed to vary significantly with density in the 1.0-1.5 g/cm3 range

for the resist materials studied and as such a density of 1.0 g/cm3 was considered

sufficient and was based on data for fullerenol from Vraneš et al. as this molecule is

similar to the fullerene-derivative resist.48 The energy of the He+ ions was set as 30 keV,

and the number of ions was 100,000.
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4 Results and Discussion
TEM images of negative-tone PMMA and fullerene-derivative structures fabricated

via He+ exposure are shown in Figure 2 (additional images are included in the

supporting information). Multiple arrays were fabricated with different exposure doses,

while the pitch was typically fixed at 100 nm to avoid proximity effects from

neighboring exposures. Figure 2(a) shows negative-tone PMMA features fabricated

using a dose of 5.5 aC and a pillar with a radius of 3.2 ± 0.2 nm is highlighted on the

image. Figures 2(b) and 2(c) show images of arrays of point exposures exposed with

higher doses of 0.7 fC and 10 fC. Figure 2(d) shows pillars formed in negative-tone

fullerene-derivative resist with pillar radii of 3.5 nm, while Figures 2(e) and 2(f) show

images of arrays of point exposures exposed with higher doses of 1 fC and 10 fC,

respectively. The thickness of the resist structures formed during these exposures was

estimated by measuring the length of collapsed negative-tone structures, examples of

which are shown in Figures 2(b) and 2(e). The measured pillar lengths using this

method were typically in the range of 15-20 nm.

Ellipsometry was also used to measure the thickness of resist films prepared on

planar 10 mm × 10 mm Si substrates under identical spin-coating conditions to those

used to coat 3-mm-diameter silicon nitride membrane samples. Measured film

thicknesses by ellipsometry were approximately 25 nm for PMMA and 15 nm for the

fullerene-derivative resists, respectively. Ellipsometry was not possible directly on the

SiNx membranes due to the small dimensions of the 3-mm diameter TEM grids on

which the SiNx membranes are formed. The observed difference in resist thickness,

25 nm before exposure and 15-20 nm after exposure and development for PMMA, is

consistent with expected densification of resist following exposure and loss of resist

material during development.49,50

The experimentally measured He+ PSFs for both PMMA and a fullerene-derivative

resist are shown in Figure 3 alongside the calculated PSF for each resist. Each

experimentally measured data point represents the average of 10-15 measured radii and

the associated error bars represent the standard deviation in measured radii for a given

dose. The simulation was scaled to the experimental data by equating data points with
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Figure 2: Bright-field TEM images of pillars fabricated in negative-tone PMMA and
fullerene-derivative resists. (a-c) TEM images of pillars formed in negative-tone PMMA
at single pixel exposure doses of 5.5 aC, 0.7 fC and 10 fC. (d-f) TEM images of pillars
formed in negative-tone fullerene derivative resist at single pixel exposure doses of 0.4
fC, 1 fC and 10 fC. Collapsed pillars are visible for each resist in (b) and (e) showing
pillar heights in the 15-20 nm range. A pitch of 100 nm was used for all exposures and
scale bars represent a length of 100 nm in all images.

r ∼ 12.5 nm for PMMA and r ∼ 13 nm for the fullerene resist, as there is a trade-off

between experimental uncertainty and statistical uncertainty in the simulation for

features of this size as per Winston et. al.2 It can be seen from Figure 3, that the

calculated results match well with experiment for both resists. The fitting function

below (equation 1) was adapted from the function developed by Winston et al. for their

simulated data to fit our results.

PSF (r) = A((
1

σ2
1

)e
−( r

σ1
)2
+ η(

1

σ2
2

)e
−( r

σ2
)2
) +Be−

r
re + C

√
1

1 + ( r
rf
)p
, (1)

In equation 1, r is the radius of the feature produced at a given dose, σ1 indicates the

beam spot size and lateral extent of forward scattering, and σ2 represents the lateral

extent of backscattering. The exponential term is analogous to Beer-Lambert-like
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absorption of SEs with re as the mean free path as previously reported.2 The final term

is a filter function featuring a threshold radial value, rf . When r is less than rf , the

square root term has a value near 1. Consequently, the filter function term effectively

sets a minimum exposure dose equivalent in value to C, below which lithographic

exposure is not produced. When r exceeds rf , the value of this function drops off,

scaling with a power-dependence defined by the exponential term, p, in the denominator.

Table 1 shows the values of parameters from Equation 1 for both resists studied here.

A σ1 η σ2 B re C rf p
PMMA 8 × 104 0.7 nm 0.02 75 nm 2× 104 0.6 nm 2000 0.5 nm 4

Fullerene-derivative 4500 0.7 nm 0.02 40 nm 8000 0.5 nm 100 0.5 nm 5

Table 1: Parameters for Equation 1. for both PMMA and Fullerene-derivative.

Figure 3: Experimental and simulated PSFs for (a) PMMA and (b) a fullerene-derivative
resist on SiNx, as well as the calculated fitting function to the simulation, and a fit to the
experimental data using just a low-pass filter function. The multi-term fitting function
was scaled to the experimental data by equating data points with r ∼ 12.5 nm for
PMMA and r ∼ 13 nm for the fullerene-derivative resist. (a) Blue squares represent
average measured radii of 10-15 exposed PMMA pillars for a given dose. Black triangles
represent calculated radii of negative-tone PMMA features. The black line represents a
fit of equation 1 to the simulated data. The blue line represents a fit of equation 2 to
the measured data with rf = 3 nm. (b) Red squares represent average measured radii of
10-15 pillars of fullerene-derivative for a given dose. Black triangles represent calculated
radii of pillars in fullerene-derivative. The black line represents a fit of equation 1 to the
simulated data. The blue line represents a fit of equation 2 to the measured data with
rf = 2 nm. Error bars in experimentally measured radii represent 1 standard deviation.

It can be seen from Figure 3 that the dose required for exposure matches well with

the model used here and predicts that the inverse dose increases rapidly as the feature
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radius drops below approximately 3 nm for both resists. The exposure of features on

these short length scales is driven by short-range secondary electrons.51,52 It is difficult

to accurately model the contribution of these short-range SEs as they do not leave the

sample by definition. It is possible that smaller feature sizes are achievable, but may not

be seen here due to the thickness of the resist layer. As exposure by He+ ions is highly

surface sensitive, it is possible that for low doses, the region near the surface of the resist

layer is receiving enough dose to allow for sufficient cross-linking to form negative-tone

structures, but that this exposure does not extend fully through the entire thickness of

the resist layer. Consequently, when the unexposed resist is removed by the developer,

these features are washed away. The thickness of each resist was estimated to be ∼25 nm

and ∼15 nm for PMMA and fullerene-derivative resist, respectively, prior to exposure.

It is possible that with the use of a thinner resist layer smaller feature sizes could be

achieved, however, we were unable to generate uniform films with thickness below 15 nm

in this work due to the challenges associated with spin coating 3 mm diameter chips.

Moreover, as can be seen in Figure 2, thinner structures such as the collapsed pillars,

exhibit lower contrast in TEM images and are more challenging to measure. The model

given by equation 1 predicts that smaller features could be produced by reducing the

dose to lower values than those presented in Figure 3 and there is some evidence to

support this prediction in our work. For example, Figure S4 shows a TEM image of

an array of negative-tone PMMA dots exposed at a pitch of 30 nm and narrow bridges

of exposed material are observed between dots due to the proximity effect at the doses

used (10 aC per dot). Some of these bridging structures have widths in the range of

2-4 nm, which would be equivalent to dot radii of 1-2 nm in a PSF plot. These small

bridging features remain for the case of dense 30-nm-pitch dots as they are supported by

the larger dots from which they are supported. However, in practice for quasi-isolated

dots e.g. 100-nm pitch, there was a minimum dose at which exposed pillar structures

yielded. Consequently, we also consider a model described solely by the third term of

equation 1, the filter function, which as stated above effectively defines a dose threshold

for exposure.

The experimental data was also fitted to the filter function in equation 2, as per
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previous work by Manfrinato et al.1

PSF (r) = A

√√√√ 1

1 + (
r

rf
)b

(2)

The value of A is related to the lowest dose at which features yielded, while the value of

rf is the radius of the PSF and effectively defines the smallest feature size that can be

formed. The single term fitting function in equation 2 is believed to be a better choice

for this data than the multi-term function in equation 1 as it provides a good fit to the

experimental data while also being much simpler than equation 1. As shown in Figure 3,

equation 1 implies that features with dimensions approaching 0.1 nm may be resolvable

at the lowest doses. However, the model does not account for the quantized nature of

ions used for exposure i.e., the minimum possible dose is that of a single ion exposure at

∼10−19 C (∼104 fC−1). Furthermore, in practice, as the dose approaches the level of a

single-ion exposure, shot noise from the He+ source will begin to dominate and limit the

practical production of features having reproducible sizes due to fluctuations in the dose

delivered. Equation 2 allows a threshold dose and minimum feature size to be defined,

which is more representative of what is observed experimentally. Using this function

also allows us to compare our results for each resist directly with each other as well as

the results from the aberration-corrected EBL work by Manfrinato et al.1

Figure 4 compares the experimental data from this work to the 2017 report of

Manfrinato et al.1 based on a similar PMMA-SiNx system, using an

aberration-corrected STEM. In their work, the smallest negative-tone PMMA structures

fabricated had a radius of 0.85 nm, while the smallest pitch obtained for negative-tone

PMMA structures was 10.7 nm. The aberration-corrected EBL work used an

accelerating voltage of 200 keV, and the dose required to pattern 6-nm diameter features

was approximately 100-1000 fC. In contrast, the doses required to pattern 6-nm

diameter features by HIBL in this work were in the 0.01-0.1 fC range. This corresponds

to ∼104 times difference in the sensitivity between exposure with a 30 keV He+ ion

beam and a 200 keV electron beam. For He+ ion and electron exposures of PMMA at

30 keV, a sensitivity gain of 116 for He+ ions has been previously reported by van der
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Figure 4: Comparison between experimental data from this work using helium-ion beam
lithography and experimental data from the work of Manfrinato et al. using electron-
beam lithography in an aberration-corrected STEM. The fitting lines represent power-
law fits to each PSF. The blue fit for HIBL PMMA represents scaling with radius, r,
proportional to r−4.1, the red fit for HIBL C60 derivative scales with r−3.7 and the black
fit for aberration-corrected EBL with PMMA scales with r−1.9.

Drift et al. for negative-tone PMMA on bulk substrates.53 Similar work by Shi et al.

showed that 30 keV He+ ions required a 500 times lower dose than 30 keV electrons for

exposure of a fullerene-derivative resist.10 In the aberration-corrected EBL work by

Manfrinato et al., an accelerating voltage of 200 kV was used and as such a much higher

dose is expected than for the case of a 30 keV electron due to the longer inelastic mean

free path of the more energetic electron. Therefore, while van der Drift et al. have

reported a difference in sensitivity of 116 times when comparing 30 keV electrons to

30 keV helium ions for negative-tone PMMA exposure on a bulk substrate, a larger

difference is to be expected in the comparison of 200 keV electrons to 30 keV helium

ions due to the longer inelastic mean free path of the 200 keV electron and because here

we are considering point exposures on ultrathin membranes, as opposed to area

exposures on bulk substrates as reported by van der Drift et al.53

A PSF with a large negative slope indicates that the energy deposited in the resist

falls off quickly with increasing radial distance from the point of exposure i.e., there is

a reduced proximity effect. Consequently, there will be greater dose contrast between
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two closely-spaced structures. It can be seen from Figure 4 that the PSFs for PMMA and

the fullerene-derivative resist exposed by HIBL exhibit similar scaling with dose. The

fullerene-derivative resist requires a slightly larger dose than PMMA to produce features

with the same radii, which may present a slight advantage over PMMA because shot

noise can become an issue for consistent fabrication at low doses. Consequently, the

higher doses required for the fullerene-derivative resist may help to mitigate some of

the problems introduced by patterning at very low doses. When comparing the HIBL

results from this work to the data from the aberration-corrected EBL work, it can be

seen that both resists exposed with a He+ ion beam have significantly steeper PSF slopes

than the corresponding PSF for the electron-beam exposure on PMMA. Specifically, the

He+ ion PSFs decay approximately with r−4, while the aberration-corrected EBL PSF

decays approximately with r−2, where r is the radial distance from the point of exposure.

Manfrinato et al. in their 2013 paper have previously reported that aberration-corrected

EBL with a 200 keV beam produces a steeper PSF than EBL with a 30 keV beam and

indicated that aberration-corrected EBL at 200 keV represented the state of the art in

terms of EBL resolution and contrast.37 The observation here that HIBL can achieve a

steeper PSF than aberration-corrected EBL confirms one of the major benefits of HIBL

over EBL, that being the reduced proximity effect exhibited by HIBL due to the steeper

PSF. At present, there are no dedicated HIBL tools in production, but the results here

indicate that HIBL supports high density pattern formation and may outperform EBL in

the production of ultra high density patterns. The PSFs measured here may be used to

predict contrast in high density patterns as discussed below.

Figure 5 shows the dose contrast as a function of exposure pitch, calculated using

equation 3 below, for the experimental PSF. Dose contrast, K, is defined as:

K =
Dmax −Dmin

Dmax +Dmin,
(3)

where Dmax is the dose delivered to the centre of an individual spot in a square array of

point exposures, and Dmin is the dose delivered to a point midway between two spots in

the array, as shown in Figure 5(a). Dose contrast provides information about how close

to one another features can be fabricated. In order to calculate the dose contrast a
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Figure 5: (a) To calculate dose contrast the PSF was used to generate an array of point
exposures with a given pitch within a 2 µm × 2 µm area. The dose at any given point
is equivalent to the sum of all doses from each point exposure. Dmax is the total dose
experienced at the centre of a single point exposure. Dmin is the total dose experienced
at a point that is equidistant between two independent dose exposures. (b) Plots of dose
contrast versus pitch for PMMA on SiNx calculated using the PSF predicted by Equation
2 for different values of rf .

MATLAB script was written that first defines a 2 µm × 2 µm writefield consisting of

point exposures with a specified pitch. The total dose is calculated at the centre of one

point exposure (Dmax) and at a point midway two point exposures (Dmin) by evaluating

the sum of all PSFs for each point exposure in the array at these locations. Dose

contrast, K, can then be calculated using equation 3. A plot of dose contrast versus pitch

is shown in Figure 5(b). In the ideal scenario where K = 1, the region between two point

exposures receives a dose of zero, so both structures can be fabricated with no unwanted

indirect exposure of the region between the structures. A value of K = 0 corresponds to

zero dose contrast whereby Dmax is equal to Dmin. The region is overexposed, and thus

no structures will be resolved. The true value of the radius of the PSF, rf , is unknown so

here we show the expected contrast for a range of values of rf . The radius of the

incident beam is assumed to be ∼ 0.25 nm,3 however the smallest isolated features

fabricated in this work had radii of 3.2 nm for PMMA and 2.7 nm for the

fullerene-derivative (example TEM images of pillars with these dimensions can be seen

in Figures 2a, 2d, S1 and S2). This indicates that for an exposure with sufficient dose to

fabricate a negative-tone feature, the energy deposited by the beam into the resist has a

lateral spread that is significantly larger than the radius of the beam. Consequently, it is
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expected that the value of rf is larger than the radius of the beam. The values of rf used

for the experimentally measured HIBL data in this work were 3 nm for PMMA and 2

nm for the fullerene-derivative. These values were used as they are near to the size of

the smallest feature produced for each resist and also provided good fits to the

experimental data. In the case for the aberration-corrected EBL a beam radius of 0.1 nm

was measured, and the smallest feature size produced had a radius of 0.85 nm indicating

a value of rf = 0.85 nm.1 Based on the fact that the aberration-corrected EBL has both a

smaller diameter beam and a lower value of rf , one might expect the

aberration-corrected EBL to yield a higher contrast than HIBL for all pitch values.

However, as shown in Figure 5, it can be seen that HIBL is expected to result in higher

contrast using PMMA resist for pitches larger than 10 nm (compare blue (HIBL with

PMMA rf = 3 nm) and black (EBL) curves in Figure 5). In fact, with the

fullerene-derivative resist, HIBL may exhibit higher contrast down to 6 nm pitch

(compare red (HIBL with fullerene rf = 2 nm) and black (EBL) curves in Figure 5). For

further comparison, we have calculated the dose contrast for HIBL with PMMA and

fullerene-derivative resist using a value of rf = 0.85 nm, to allow direct comparison to

the aberration-corrected EBL work. Further improvement to HIBL processes e.g.

preparation of uniform resist thicknesses below 10 nm, could enable more reliable

production of smaller features, thus lowering the value of rf for HIBL. Compared to

aberration-corrected EBL with rf = 0.85 nm, HIBL is predicted to yield superior

contrast for all pitches below 30 nm for both resists. To date, HIBL has been used to

fabricate arrays of nanostructures with pitches as low as 8 nm.54 The results presented

here suggest that HIBL can be further improved to fabricate denser arrays of structures

than those previously reported.

5 Conclusions
In conclusion, the PSF for the interaction of 30 keV He+ ions with PMMA and a

fullerene-derivative resist on an ultrathin membrane was calculated and measured

experimentally. The model used by Winston et al.2 was modified for thin layers of

PMMA and a fullerene-derivative on an ultrathin SiNx membrane and the resulting PSF
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was found to agree well with the experimental PSF that was measured. The

fullerene-derivative yielded a minimum feature radius of 2.7 nm compared to 3.2 nm for

PMMA, while also requiring higher doses, indicating that the fullerene-derivative could

be a better choice as a next generation lithographic resist. The experimental results were

compared to previous work using state-of-the-art aberration-correction electron beam

lithography using PMMA resist on similar membranes. It was found that exposure of

PMMA with 30 keV He+ ions had a sensitivity ∼104 times greater than exposure with

200 keV electrons. Dose contrast calculations predict that for He+ ion exposure with a

PSF radius of 3 nm superior contrast is achievable down to a pitch of 10 nm for both

PMMA and a fullerene-derivative when compared to a similar exposure using an

aberration-corrected electron beam with a PSF radius of 0.85 nm. When HIBL with a

PSF radius of 0.85 nm is considered, our work predicts that HIBL will achieve superior

contrast to an aberration-corrected EBL process for all array pitches. As the HIBL setup

is also far simpler than the aberration-corrected electron-beam lithography setup, our

work suggests that HIBL is a superior choice to EBL for the patterning of dense arrays

of nanostructures with pitches in the sub-30-nm regime.
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