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ABSTRACT: The development of patterning materials (‘resists’) at the nanoscale involves
two distinct trends — one is towards high sensitivity and resolution for miniaturization, the
other aims at functionalization of the resists to realize bottom-up construction of distinct
nanoarchitectures. Patterning of carbon nanostructures, a seemingly ideal application for
organic functional resists, has been highly reliant on complicated pattern transfer processes
due to a lack of patternable precursors. Here we present a fullerene-metal coordination
complex as a fabrication material for direct functional patterning of sub-10 nm metal-
containing carbon structures. The attachment of one platinum atom per fullerene molecule
not only leads to significant improvement of sensitivity and resolution, but also enables
stable atomic dispersion of the platinum ions within the carbon matrix, which may gain
fundamentally new interest in functional patterning of hierarchical carbon nanostructures.

Nanoscale patterning is a fundamental fabrication step in a
wide range of advanced solid-state devices such as integrated
electronics, chemical and biological sensors, on-chip energy
storage units, nanoelectromechanical systems (NEMS), etc.'™
Recent developments of lithography techniques have resulted
in a boom in device fabrication, and also triggered diversified
demands for patterning materials (i.e. resists). In the field of
integrated circuit (IC) manufacturing — the most crucial appli-
cation of nanoscale patterning, stringent targets of resolution
and sensitivity are required to push forward miniaturization
without losing throughput; whilst in non-electronics applica-
tions, functionality enhancement utilizing resist as an active
component is often pursued to reduce process complexity.>’

For photolithography in IC manufacturing, resist sensitivity
is a key factor that directly determines the throughput. Tradi-

tional photoresists employ a chemical amplification (CA)
strategy to meet the critical sensitivity requirement.® With the
continuous shrinkage of feature size, advanced extreme ultra-
violet (EUV), electron beam (e-beam) and other charged parti-
cle lithographies utilize photons, electrons or ions with ener-
gies significantly above the ionization threshold and the expo-
sure is thus driven by radiation chemistry rather than photo-
chemistry.’ In this case, the energy deposition efficiency is
considerably decreased and the exposure sites are more widely
scattered. This combined with the random distribution of resist
molecules and additional photo-acid diffusion, induce sensitiv-
ity and shot noise problems for the traditional polymeric CA
resists.” ' One promising solution is utilization of small mo-
lecular materials containing high-absorption elements (typical-
ly metals), which simultaneously enhances the energy
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Figure 1. (a) Electrostatic potential surface of the fullerene Ceo-Bipy-Pt, showing the molecular dimensions; (b) Synthesis of the
pyrrolidinofullerene-bipyridine ligand 3 (Ceo-Bipy), and the Pt complex 4 (Cso-Bipy-Pt). (c) shows HRTEM imaging of Cso-Bipy-Pt
encapsulated within a large diameter DWCNT, forming a pod-like structure; (d) and (e) are simultaneously acquired AC-STEM

HAADEF and BF images of the corresponding pod-like structure.

deposition efficiency and ultimate resolution. Several metal-
based resists such as metal halides,'! oxides,'? naphthenates,'®
and metal oxoclusters'* have been developed, showing promis-
ing progress in sensitivity and/or resolution improvement.
However, integration of these highly inorganic resists into the
semiconductor manufacturing is challenging due to compati-
bility considerations, such as feasibility of spin-coating, new
etching recipe, contamination, etc.'® Alternatively, complexing
metal ions into organic resist systems may be the optimized
strategy, but has rarely been reported. '

Whilst not common in electronics, functionality enhance-
ment of resists is another favorable direction in diffractive
optical elements (DOEs),!” microelectromechanical systems
(MEMS), 8 lithographic insulation patterns (LIPs),' all-carbon
electronics, > 2 2! etc. This strategy seeks to combine top-
down and bottom-up approaches to enable a multiscale struc-
tural control. While the lithographic process serves as a typical
top-down approach in pattern definition, functionalization of
resist materials enables bottom-up tuning of the building
blocks, so that the resist pattern can be directly used as active
component rather than sacrificial mask.'”- % Nevertheless, the
development of direct functional patterning is still in its infan-
cy, particularly for the versatile carbon nanostructures. Until
now, integration of carbon nanostructures into a miniaturized
device typically relies on additional lithography and etch pro-
cesses, or high-temperature resist carbonization strategy, both
of which considerably increase the processing complexity.'s:2
Although direct writing through focused ion beam (FIB) offers
another option, the fabrication speed is much slower than that
via lithography routes.?* Therefore, development of directly
patternable materials for functional carbon nanostructure fab-
rication is highly desirable.' %

To realize carbon-based functional patterning with high res-
olution and practical speed, a novel precursor molecule with
capability to form amorphous film is essential.?>?® Herein we
present a fullerene-metal coordination complex, Ceo-Bipy-Pt,
as a patternable functional material for charged particle lithog-
raphy. We demonstrate that the attachment of one platinum
atom per fullerene molecule leads to significant sensitivity and
resolution improvement, which offers a new strategy of per-
formance enhancement in organic resists. In addition, atomic
dispersion of platinum is observed in the patterned carbon
nanostructures with superb stability, which may gain wider
interest in functional patterning for applications such as sen-
sors, catalysis, electroless plating, etc.?> %’

Synthesis and imaging of Cso-Bipy-Pt complex. The mo-
lecular structure and synthesis process of the fullerene deriva-
tive are shown in Figure la and 1b, respectively. The precur-
sor Ceo-Bipy was prepared via the Prato reaction?® 2° between
the fullerene Cso, N-((3,5-di-tert-butylphenyl)methyl)glycine
and 4’-methyl-2,2’-bipyridine-4-carboxaldehyde3? as shown in
Figure 1b (compound 3). Bipyridine is a well-known bidentate
chelating ligand that serves to allow facile complexation of the
Ceo-Bipy with a number of transition metals. In this study Ceo-
Bipy-Pt complex (Figure 1b, compound 4) was formed in a
single step via ligand substitution.”? The detailed synthetic
method and compound characterizations by nuclear magnetic
resonance (NMR) and Fourier transform infrared (FT-IR)
spectroscopy are described in the Methods section and Sup-
porting Information.

To obtain images of dispersed Ceo-Bipy-Pt molecules, a
carbon nanotube encapsulation strategy was employed to form
a peapod-like structure, Ceo-Bipy-Pt@DWCNT (double-
walled carbon nanotube). Carbon nanotube serves as an ideal
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Figure 2. (a) Schematic illustration of the electron beam patterning of the square matrix; (b) Raman spectra of the as-prepared film
and lithographically processed (various-dose exposure and development) films of Ceso-Bipy-Pt; (c) Response curves of Ceo-Bipy and
Ceo-Bipy-Pt films exposed to electrons at 20 kV and developed in cyclohexanone; (d) Calculated element ratios of Ceo-Bipy-Pt film
before and after 7 mC cm electron beam exposure (the position of the arrow mark represents the theoretical value of Pt concentra-
tion in the targeted molecule) from XPS spectroscopy; High-resolution XPS spectra of Ceo-Bipy-Pt film at (e) Pt 4f and (f) C 1s
regions. The XPS data is fitted using Gaussian-Lorentzian sum function.

substrate in high-resolution transmission electron microscopy
(HRTEM) characterization of single molecules due to their
atomically thin sp* hybridized carbon framework that can trap
and visualize the molecules, and remove any local heat-
ing/ionization effects.3! Density functional theory (DFT) cal-
culation of the van der Waals molecular diameter of Ceo-Bipy-
Pt indicates that only nanotubes with internal diameters greater
than ~1.5 nm can accommodate this molecule (Figure 1a).”
Ceo-Bipy-Pt@DWCNTs with small (~1.2 nm) and large (~2.2
nm) nanotube internal diameter were separately prepared and
imaged. As shown in Figures Sla and S1d, while the narrow
nanotubes exhibit an empty interior, filling of fullerene mole-
cule is observed inside the wide DWCNTs, which is in agree-
ment with the DFT modelling and our previous work.32 Some
amorphous carbon residues formed during nanotube fabrica-
tion are also observed outside the DWCNTs (Figure 1c). To
identify the presence of Pt atoms, imaging with enhanced ele-
mental contrast was performed using high-angle annular dark-
field (HAADF) of aberration corrected scanning transmission
electron microscopy (AC-STEM).33 34 Simultaneously ac-
quired bright field (BF) and HAADF images of Ceo-Bipy-
Pt@DWCNT within a wide nanotube are shown in Figures 1d
and le, respectively. While some outlines of fullerene cages
can be discerned in the BF image, well dispersed Pt atoms are
presented as bright dots in the HAADF image due to their high
atomic number. The measured size of the bright dots is 0.2 nm,

which agrees with the expected size of individual Pt atoms.
More images for narrow and wide DWCNT samples are
shown in Figure S1 and S2.

Electron-beam-induced changes in Ceo-Bipy-Pt. To eval-
uate the response of Ceo-Bipy and Ceo-Bipy-Pt to e-beam ex-
posure, the materials were spin-coated onto silicon chips. E-
beam sensitivity (at 20 kV) was evaluated through square pat-
terns exposed with various doses and developed in monochlo-
robenzene (MCB) or cyclohexanone (CYH) (Figure 2a, see
Methods and Supplementary Information for more details).
The response curves shown in Figure 2¢ and Figure S3 reveal
that upon introduction of platinum, the e-beam sensitivity is
improved from 8.9 (10.1) mC cm? to 4.3 (2.7) mC cm? in
CYH (MCB). This can be attributed to the enhanced second-
ary electron scattering due to the presence of heavy Pt atoms,
which increases the energy deposition efficiency.’® Whilst
slow in comparison to chemically amplified resists, the sensi-
tivity of Ceo-Bipy-Pt is comparable to the well-known high-
resolution resist hydrogen silsesquioxane (HSQ).3®> On the
other hand, Ceo-Bipy-Pt exhibits a higher contrast in CYH
development (2.3) than in MCB (1.4), indicating that CYH is a
more aggressive developer for this resist, which is beneficial
for high-resolution patterning.

Ex-situ Raman measurement was carried out on the patterns
with different dosage. As shown in Figure 2b, the Raman
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Figure 3. (a) Schematic illustration of the electron beam patterning and etching of the fullerene-metal complex resists; (b) - (d)
show SEM micrographs of 32 nm pitch lines and spaces, 28 nm pitch lines and space, and ~12 nm isolated lines, respectively, ex-
posed in the Ceo-Bipy control material, whilst (e) — (g) show 32 nm and 28 nm pitch lines and spaces, and ~10 nm isolated lines,
respectively, in the Ceo-Bipy-Pt complex. All samples were developed in CYH; (h) The resist profile of Cso-Bipy-Pt, seen here at an
~80° tilt and in 32 nm pitch lines and spaces shows good clearance between the lines and vertical resist walls; (i) ~45° tilted and (j)
~85° tilted images of the 40 nm pitch line-space patterns transferred to silicon by ICP etching.

spectrum of pristine Ceo-Bipy-Pt film exhibits a distinct moie-
ty of the buckminsterfullerene Ceo with a sharp characteristic
peak at 1464 cm’!, corresponding to the double-bond stretch-
ing pentagonal pinch mode.3¢ The intensity of this peak de-
creases dramatically upon e-beam exposure at 3 mC cm™ and
disappears completely at higher exposure doses, leaving only
the D and G bands of the resultant carbon structures. This in-
dicates the fragmentation of Ceo cages upon e-beam irradiation,
followed by formation of an insoluble graphite-like structure,
leading to the lithographic behaviour.3” Notably, the increase
of peak intensity at higher dosage is due to the increased re-
sidual film thickness. X-ray photoelectron spectroscopy (XPS)
characterization was performed to compare the Ceo-Bipy-Pt
films before and after e-beam treatment (Figure S4). The evo-
lution of carbon structure is revealed in the C 1s region of the
XPS spectrum (Figure 2f and Figure S5a). The pristine Ceo-
Bipy-Pt film shows a range of n-type shake-up satellites at the
high binding energy side of the carbon main line, which
matches well with the reported fullerene feature.3® The ex-
posed film (at 7 mC cm?), in contrast, does not show these
characteristic peaks, again indicating the decomposition of Ceo
cage. In Pt 4f spectrum of Ceo-Bipy-Pt, the Pt 4f7» peak is lo-
cated at 72.63 eV, which is in good consistency with litera-
tures for the sub-nm Pt clusters approaching atomic dispersion
(Figure 2e).39-41 The calculated weight ratio of Pt based on
peak intensity is 13.0 wt.% (0.9 atom.%), which is in good
agreement with the corresponding theoretical value of the pro-
posed molecule (1.0 atom.%), as shown in Figure 2d. After
exposure, the binding energy of Pt exhibits a slight positive
shift. No metallic Pt(0) is observed in XPS, indicating the ab-
sence of the aggregated Pt clusters or particles. A slight shift
of binding energy is also observed in the N 1s and CI 2p re-
gion (Figure S5b-c), indicating small amount of charge trans-
fer between Pt and the neighboring atoms, which is likely due

to the decomposition of the electrophilic Ceo cages.3° Notably,
based on the similar concentration and chemical status of Pt, N
and Cl before and after exposure, the coordination environ-
ment of Pt center should be unaffected. Due to the intrinsic
carbon-rich nature of the fullerene derivatives, high plasma
etch selectivity between the patterned film and silicon sub-
strate is expected.3” An etch blanket test (see details in Sup-
plementary Information) was performed using inductively
coupled plasma (ICP) with SFs:CHF; as etchant. Both of the
materials show high selectivity to silicon under fluorine ICP
etching — 13.4 for Ceso-Bipy and 13.6 for Ceo-Bipy-Pt, which
are significantly better than those of commercial e-beam re-
sists.37

Fine patterning by electron and helium ion beam. The e-
beam patterning capability of the fullerene derivatives was
evaluated through line-and-space (L-S) testing, as schemati-
cally illustrated in Figure 3a (see also Figure S6 for the full
lithography process flow schematic). Using MCB developer,
both the control and the Pt complex are capable of 40 nm pitch
dense patterns and ~15.5 nm isolated lines (Figure S7). The
resolution was further improved using CYH development (al-
so used in all following tests unless otherwise noted), as pre-
dicted by its higher contrast. Clear L-S patterns with 32 nm
and 28 nm pitch were obtained in both Ceo-Bipy (Figure 3b, c)
and Ceo-Bipy-Pt (Figure 3e, f). Images and dosage information
for more patterns with larger pitch are shown in Figure S8.
Both materials are able to form clearly-resolved L-S pattern
down to 30 nm pitch and start showing a slight bridging at
pitch 28 nm. As summarized in Table S1, Ceo-Bipy shows a
minimum resolution of >14 nm (~12 nm) in dense (isolated)
pattern, while Ceo-Bipy-Pt is capable of <13 nm (~10 nm)
dense (isolated) feature (Figure 3d and 3g). The improved
ultimate resolution after Pt incorporation may be attributed to
the shot noise reduction resulted from the enhanced
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Figure 4. (a) AFM image of an array of the rectangle patterns with various doses exposed by a 30 keV helium ion beam and (b)
corresponding response curves for Ceo-Bipy and Ceo-Bipy-Pt; (c) Line-space patterns of Ceo-Bipy-Pt with various pitch sizes from
36 nm to 16 nm, exposed at 62 pC cm™ and imaged by helium ion beam; High-magnification SEM images of (d) 18 nm pitch and (e)

16 nm pitch line-space patterns of Ceo-Bipy-Pt.

energy deposition.*?> The resolution capability is among the
best compared with other advanced e-beam resists under simi-
lar exposure conditions.10 42 43 The Ceo-Bipy-Pt patterns also
exhibit near vertical sidewalls (Figure 3h and Figure S9).
Combining both high etch selectivity and vertical line profile,
high-resolution patterns were successfully transferred from the
Ceo-Bipy-Pt patterns to silicon using fluorine ICP etching
(schematically illustrated in Figure 3a). Figures 3i and 3j re-
spectively show the top-down and profile images of the trans-
ferred 40 nm pitch lines on silicon with high aspect ratio of
~10. More etched patterns with smaller pitches and isolated
features are shown in Figure S10.

Even with remarkable e-beam resolution, the minimum
achievable pitch of Ceo-Bipy-Pt may still be limited by beam
spot size and proximity effect. To reduce these influences, the
materials were further evaluated by 30 keV helium ion beam
(HIB), in which a highly confined energy deposition can be
achieved with sub-nanometer beam diameter and negligible
backscattering, thus minimizing the proximity effect.** Under
same process conditions as in the e-beam lithography, an array
of 10 um X 5 um rectangles were patterned with a dose ma-
trix and probed by atomic force microscope (AFM), as shown
in Figure 4a. Notably, an unusual film thickness reduction
occurs at large doses due to the etching effect of HIB. This
linear contribution was eliminated in the sensitivity evaluation.
The calculated sensitivity after fitting are 23.1 pC cm™ for
Ceo-Bipy-Pt and 25.4 pC cm™ for Ceo-Bipy (Figure 4b). Inter-
estingly, despite being two orders of magnitude faster than the
e-beam exposure for both materials, only slight sensitivity
improvement was obtained after platinum incorporation. This
can be attributed to the high efficiency of secondary electron
generation upon HIB exposure even in organic films.* More-
over, the small amount of platinum in Ceo-Bipy-Pt may be
insufficient to make notable impact on the scattering proper-
ties of the heavy incident ion beam.*5 L-S patterns in a dose-
pitch matrix were utilized to evaluate the resolution of Ceo-
Bipy-Pt (~15 nm film thickness), and the obtained patterns

were imaged by both helium ion microscopy (HIM) and SEM
(Figure S11 and S12). Due to the significantly reduced prox-
imity effect in HIB, the optimized dosage shows no obvious
variation at different pitches. At dose 62 pC cm™ (where opti-
mized LER and line width is obtained), line patterns were
clearly resolved from 36 nm down to 16 nm pitch - a resolu-
tion rarely achieved in other organic resists.!> 42 46 Figure 4c
displays the HIM image of the above-mentioned patterns.
Specifically, a one-to-one line-space pattern of 18 nm pitch
was achieved, while an average line width of 8.9 nm was ob-
tained at 16 nm pitch with slight pattern collapse (Figure 4d
and 4e). More images for other pitch sizes are shown in Figure
S12, further demonstrating the sub-10 nm resolution capability
of Ceo-Bipy-Pt. A small LER of ~2 nm is achieved in all pat-
terns. While the resolution achieved in this work is at the same
level with the best results in previous reports, the pattern
quality is better than most of the reported materials at similar
pattern size.*’

Atomic resolution imaging of Ceo-Bipy-Pt film. With the
nanoscale patterning capability, it is of interest to investigate
the metal distribution within the patterned structures. X-ray
(EDX) mapping analysis on a drop-cast film of Ceo-Bipy-Pt
reveals uniform distribution of the key elements (Figure S13).
HAADEF image exhibits well-scattered dots, of which the size
(~0.2 nm) and brightness indicate an atomic dispersion of plat-
inum (Figure 5a and 5b). To test the imaging stability, e-beam
scan at 200 kV was applied to the sample in STEM. Close-up
views of eight consecutive frames (with additional dose of 167
C cm per frame) show no obvious change in the distribution
of Pt atoms (Figure S14). A longer continuous scan up to 30
min was also undertaken (Figure S15), where the individual
dispersion of Pt atoms still remains, showing a robust stability.

To analyze the resist film under the actual e-beam litho-
graphic conditions (at 30 kV), a relatively thick film (>20 nm)
of Ceo-Bipy-Pt was deposited on a TEM grid with continuous
carbon membrane and fabricated with isolated line patterns.
Figure S16 and Figure 5c shows the HAADF image of a line
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Figure 5. AC-STEM characterization of Ceso-Bipy-Pt: (a) HAADF image of Ceo-Bipy-Pt drop-casted on a lacey carbon grid, and (b)
the intensity profile of a bright dot region for the Pt element; (c) HAADF image of a patterned line on an amorphous carbon mem-
brane. The discontinuity is ascribed to the unevenness of the resist film and substrate; (d) EDX map of Pt element from (c),
confirming that Pt atoms are within the line; (¢) HAADF image of a thinner film of Ceo-Bipy-Pt after open-frame exposure by 30
keV electron beam and (f) shows the same film after subsequent development for 30 s to remove unexposed material.

pattern with high brightness, indicating possible existence of
heavy metal. The discontinuity of the line is ascribed to the
roughness of both the resist film and the underlying carbon
membrane. EDX mapping shows a strong Pt signal confined
within the patterned line (Figure 5d). However, the patterned
lines are too thick for atomic resolution imaging (a thick film
is required for patterning due to the substrate roughness). In
order to reveal the effect of the lithography process on the
distribution of Pt atoms, flood exposure (at 30 kV) was per-
formed on a significantly thinned film (with low quality), and
imaged by STEM before and after development, as shown in
Figures Se and 5f, respectively. It is observed that Pt atoms are
individually dispersed within the exposed carbon film and
remain so after subsequent development. This is in agreement
with the XPS observation that the binding energy in Pt 4f re-
gion shows a highly-dispersed state both before and after lith-
ographic process (Figure 2e). More areas from across the sam-
ple are shown in Figure S17 (before development) and Figure
S18 (after development), further confirming the atomic Pt
dispersion.

The presence of stable and well-dispersed heavy metal at-
oms serves as effective energy absorption centers during the
high-energy lithographic irradiation, thus producing increased
amount of secondary electrons required for the material trans-
formation.® 46 In addition, the enhanced energy deposition is
also beneficial for shot noise reduction. As a result, the re-
quired dosage can be lowered while the resolution can be po-
tentially improved in charged particle beam patterning. This
prototype offers a possible strategy of overall performance
enhancement in organic resists for charged particle beam or
EUYV lithography, where the conventional organic resists gen-
erally have a low excitation cross section while the purely
inorganic resists have process compatibility issues.1? Although
a non-CA organic resist system with Pt atom complexation is
selected in this work, the strategy may be extended to other
resist systems with wide choices of heavy metal atoms, partic-

ularly for the transition metals that are well-known to form
metal-organic coordination, such as Cu, Co, Fe, W, etc.

In summary we have presented a metal-fullerene complex
as a new functional patterning material for charged particle
lithography, and demonstrated that the incorporation of plati-
num atoms into the fullerene derivative via complexation leads
to a significant enhancement in the electron beam sensitivity
without concomitant reduction in the high resolution pattern-
ing or etching capabilities. The metal element is found to be
atomically distributed within the nanocarbon film and are
highly stable against aggregation or leaching even under ex-
treme irradiation doses or aggressive solvents. This work may
pave the way for a fundamentally new strategy for both fields
of metal-organic resists and carbon functional patterning.

METHODS

Fulleropyrrolidine-Bipyridine preparation and metal com-
plexation: The general synthetic procedure utilized for the
preparation of platinum dichloride bipyridine complex, which
is described fully in the supplementary methods, involves the
complexation reaction between the corresponding bipyridine
ligand and (DMSO).PtCl. complex, the latter being prepared
in one step from KzPtCls and DMSO.** % The novel pyrroli-
dinofullerene containing bipyridine ligand, 3, was prepared in
40 % yield via the Prato reaction?® between Ceo fullerene, bi-
pyridine containing carboxaldehyde® and the corresponding
N-substituted amino acid, 2, which contains a 3,5-di-tert-
butylbenzyl group to increase the solubility of the target com-
plex. Amino acid 2 was synthesized in two steps via the reduc-
tive amination of 3,5-di-tert-butyl benzaldehyde with glycine
methyl ester to give compound 1 with the subsequent hydroly-
sis of 1 using sodium hydroxide to give the acid, 2, in 80 %
yield. The fulleropyrrolidino bipyridine platinum dichloride
complex, 4, was prepared in 90 % yield from 3 via ligand sub-
stitution using (DMSO):PtCl. in which the DMSO ligands
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were replaced by the chelating bidentate bipyridine-based
ligand.

Cso-Bipy-Pt Modelling: Full unconstrained geometry opti-
mization was performed using density functional theory, using
Q-Chem and rendered with IQMol, as discussed in the sup-
plementary information.>

Preparation of Cso-Bipy-Pt@ DWCNT: The exohedrally
functionalized fullerene, Cso-Bipy-Pt, was inserted into nano-
tubes using the following general method: Purified DWNT
(Timesnano, Chengdu Organic Chemicals Co. Ltd.) were an-
nealed in air at 570 °C for 30 minutes. A three-fold excess of
fullerene was dispersed in toluene (0.2 ml) using an ultrasonic
bath to form a super-saturated solution and heated in an inert
atmosphere at 80 °C for 12 hours. The sample was then fil-
tered (PTFE membrane, pore size = 0.2 pm) before being
washed with carbon disulphide (20 ml) to remove any unen-
capsulated fullerenes and then with methanol (20 ml).

Lithography and SEM Characterization: An XL30 SFEG
field emission scanning electron microscope with pattern gen-
erator was used for electron beam patterning. After exposure,
a dip development in cyclohexanone or monochlorobenzene
for 20 s was applied, followed by a rinse in isopropyl alcohol
for several seconds. Samples were then dried with nitrogen.
For high-resolution patterning a 30 kV acceleration voltage
was used with ~50 pA beam current. Single pixel lines were
used and dosage is described as a line dose (nC cm™). The
high-resolution structures on silicon substrate were imaged
using the same SEM with 5 kV acceleration voltage. Levels
have been adjusted to enhance contrast, and images cropped
for clarity but they are otherwise unprocessed (raw images are
shown in the supplementary information). Helium ion beam
lithography (HIBL) was performed by in an Orion™ Plus he-
lium ion microscope (Carl Zeiss) in the University of South-
ampton. The beam energy was 30 keV for both patterning and
imaging. Area patterns and line-space patterns on silicon were
etched with an Oxford Instruments PlasmaPro NGPSO tool
using an inductively coupled plasma (ICP) as discussed in the
Supplementary information.
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