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Abstract
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After providing a detailed overview of nanofabrication techniques for plasmonics, we discuss in
detail two different approaches for the fabrication of metallic nanostructures based on e-beam
lithography. The first approach relies on a negative e-beam resist, followed by ion beam milling,
while the second uses a positive e-beam resist and lift-off. Overall, ion beam etching provides
smaller and more regular features including tiny gaps between sub-parts, that can be controlled
down to about 10 nm. In the lift-off process, the metal atoms are deposited within the resist mask

and can diffuse on the substrate, giving rise to the formation of nanoclusters that render the
nanostructure outline slightly fuzzy. Scattering cross sections computed for both approaches
highlight some spectral differences, which are especially visible for structures that support
complex resonances, such as Fano resonances. Both techniques can produce useful
nanostructures and the results reported therein should guide the researcher to choose the best
suited approach for a given application, depending on the available technology.

Keywords: nanotechnology, plasmonics, ion beam etching, lift-off, electron beam lithography,

nanofabrication, nanostructures

(Some figures may appear in colour only in the online journal)

The shape of a nanostructure determines its optical response.
This is especially true for plasmonics, the resonant excitation
of free electrons in coinage metals [1]. Indeed, the smallest
geometrical features on the outline of a nanostructure can, at a
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given frequency, localize the free electrons and pinpoint a
specific plasmonic mode [2]. This poses a serious nano-
technology challenge: the slightest geometry variation can
significantly modify the optical response of the structure.
These modifications are apparent not only in the far-field
spectrum, but also in the near-field enhancement produced by
the nanostructure. An iconic example being the strong field
enhancement localized in a pair of plasmonic nanostructures,
such as a plasmonic dipole antenna. The exact gap dimen-
sions control both the antenna resonance wavelength and its
near-field enhancement [3]. Consequently, there have been
significant efforts to produce particularly small gaps, to
exploit extremely strong field enhancement [4-7], or to study
the onset of interesting effects such as non-locality or electron
tunneling between both metallic parts [8, 9].

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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Figure 1. The different steps required for the fabrication of plasmonic nanostructures using (a) ion beam milling or (b) lift-off. See text for

details.

Here, we focus on the controlled fabrication of nanos-
tructures using a so-called top-down approach. Alternative
bottom-up approaches, akin to synthesis, are also extensively
used in plasmonics, although they do not provide full control
on the structure shape [10-13]. Overall, the accurate fabri-
cation of plasmonic nanostructures requires a technology that
can reliably control the dimensions well below 100 nm,
typically in the 10 nm range and better. Following the pio-
neering work of Craighead and Niklasson [14], it was soon
recognized that electron beam (e-beam) lithography was the
tool of choice to address this challenge [15-31]. Alternative
top-down approaches based on light beams and their inter-
ference [32—-34], nanoimprint and related techniques [35—40],
or colloidal lithography [41-45], have also been utilized to
fabricate plasmonic nanostructures in a controlled way.
Focused ion beam milling deserves also a special mention, as
it allows full design freedom [46-51], and has been recently
used to produce beautiful plasmonic nanostructures from
single monocrystalline flakes [52-57].

Once a structure has been defined with e-beam litho-
graphy in the e-beam resist, this pattern must be transferred to
the plasmonic metal—usually gold, although other plasmonic
materials can be used [58-62]. For the vast majority of
published works, including those previously cited, this
transfer is performed using a lift-off process as described
below. However, recently, we have seen reports on the uti-
lization of ion beam etching for that task [63, 64]. Unfortu-
nately, to the best of our knowledge, there does not exist a
careful comparison of both approaches and the aim of this
letter is to address this shortcoming by comparing the same
plasmonic nanostructures that have been realized by lift-off or
dry etching. By providing the details for both recipes, we
hope that this work can serve as useful reference for those
wishing to undertake the fabrication of plasmonic
nanostructures.

Both nanotechnologies to transfer the exposed e-beam
resist into the plasmonic metal are described in figure 1. For
ion beam etching—also called dry etching—the steps are as
follows, see figure 1(a): (1) the glass substrate is cleaned with
oxygen plasma at 200 W for 5 min (PVA Tepla GIGAbatch);
(2) a bilayer of Cr (1 nm) and Au (40 nm) is deposited using

e-beam evaporation (Leybold Optics, LAB 600); (3) the
sample is cleaned in a solution of tetramethyl ammonium
hydroxide (MF-CD-26) for 30 s, then rinsed in distilled (DI)
water until the resistivity is higher than 12 M), and dried
with a nitrogen gun; (4) the sample is baked on a hotplate
(Prazitherm) for 5 min at 180 °C in order to remove residuals
of loosely bound water; (5) to etch a 40 nm of Au, a 40 nm
layer of hydrogen silsesquioxane (HSQ, DuPont) is spun
coated onto the sample (no post baking is required); (6) the
sample is exposed to the e-beam of 100 keV electron energy
with the doses of 16004000 C cm™2; (7) right after the
exposure, the sample is developed in MF-CD-26 (Rhom and
Haas Electronic Materials LLC) for 1 min with gentle rotation
of the petri dish, followed by rinsing in DI water and drying
with a nitrogen gun; (8) the sample is exposed to low-energy
argon ion beam in an ion beam etcher (IBE, Veeco Nexus
IBE 350) for a total of 25 s etching time in successive cycles
of 5s followed by 30 s of temperature equalization, with the
current perpendicular to the sample; the etching is finished by
a last step of 5s where the sample has a 5° inclination with
respect to the current to decrease the effect of material re-
deposition on the sides of the structure. The exposed HSQ,
which is partly consumed during etching, remains on top of
the structure. Usually this thin glass-like layer does not per-
turb the optical response; it can however be removed by first
depositing a thin sacrificial Cr layer between Au and HSQ
and using a Cr etch at the end of the process to remove Cr and
detach the remaining HSQ (in that case, Cr cannot be used as
adhesion layer and must be replaced, e.g. with Ti).

For lift-off the steps are—see figure 1(b): (1) the surface
of the glass substrate is cleaned and activated with oxygen
plasma at 200 W for 5 min (PVA Tepla GIGAbatch); (2) the
sample is pre-baked on a hotplate (Prazitherm) for 5 min at
180 °C in order to remove residuals of loosely bound water;
(3) after cooling down to room temperature for 1 min, a
bilayer of methylmethacrylate (MMA, 8.5 EL6, 100 Da,
Microresist Technology GmbH) of 120nm and poly-
methylmethacrylate (PMMA, A2, 950 kDa, Microresist
Technology GmbH) of 60 nm is spun coated onto the sample
(ATMsse OPTIspin SB20), after each layer the sample is
baked on a hotplate (Prazitherm) for 5 min at 180 °C, above
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the glass transition temperature, in order to evaporate the
solvent from the resist, solidify the polymer and evacuate air
bubbles; (4) a 20nm layer of Cr is evaporated onto the
sample in order to compensate the lack of substrate con-
ductivity during the e-beam exposure and to provide a
reflecting reference for the interferometric height inspection;
(5) the sample is exposed to the e-beam of 100 keV electron
energy with the doses of 600-900 ;Ccm 2; (6) after the
exposure, the sacrificial Cr layer is etched in a fresh mixture
of cerium ammonium nitride and perchloric acid
(10.9%:4.25%:84:85% water, TechniETCH CrO1 Micro-
Chemicals), normally 1 min is sufficient to totally remove the
Cr layer although a longer time up to 5 min does not seem to
damage the resist; (7) the sample is developed in 1:3 methyl
isobutyl ketone:isopropanol (MIBK:IPA) for 1min with
rotational movement in order to avoid diffusion limited
removal and to ensure total removal of the exposed resist,
afterwards the sample is rinsed in IPA for 30 s to wash away
the developer and finally dried with a gentle nitrogen flow;
(8) in order to remove the resist residuals in the developed
regions and to activate the surface, the sample is treated with a
soft oxygen plasma at 120 W for 8 s (Oxford PRS900); (9) a
bilayer of Cr (1 nm) and Au (40 nm) is deposited onto the
sample using an e-beam evaporator (Leybold Optics LAB
600). (10) The lift-off process is performed in an acetone bath
and typically lasts overnight or, depending on the nanos-
tructures sizes and density, even longer. Afterward the sample
is cleaned with IPA and dried with a nitrogen gun.

A few remarks can be made at this stage: the main dif-
ferences between both recipes are (a) the order of the different
steps, with the plasmonic metal being deposited at the
beginning of the process for ion beam etching and at the end
for lift-off, and (b) the utilization of a negative resist (HSQ)
for ion etching and positive resists (MMA /PMMA) for lift-
off. During development, the exposed negative resist remains
and serves as hard mask for the subsequent ion beam etching
step; on the other hand, the exposed positive resist disappears,
revealing on the substrate the locations where the nanos-
tructures will be formed. We use Cr as adhesion layer for Au
on glass; Ti or a monolayer of mercaptosilane are also pos-
sible and—in any case—this adhesion layer should be
extremely thin to avoid perturbing the plasmon resonances
[65, 66]. Other metals, like Ag or Al for example, benefit
from using a thin silver oxide seed layer [67]. The oxygen
plasma treatment used to activate the surface removes
adsorbed organic compounds from the surface efficiently. In
addition, this bombardment with energetic particles creates
chemically active free radicals on the surface. Upon reaction
with water molecules from ambient air, reactive hydroxyl
radicals are formed at the substrate/air interface, which
increase the chemical reaction potential of the surface, leading
to an enhanced wettability and a better adhesion of the resist
[68, 69]. For the lift-off process, it is important to use an
evaporator with a long distance between the metal source and
the sample, to have an atom flow as collimated as possible
reaching the sample. This will avoid metal deposition on the
e-beam resist sidewalls, which would make the lift-off
imprecise with the metal film torn, as illustrated in figure 2. In

Figure 2. Illustration of a poor lift-off by lack of double e-beam resist
layer. Scale bar 10 pm.

that context, the utilization of a two-layer e-beam resist is
very important: the bottom layer is chosen such that it is more
exposed than the top layer, creating an undercut that will
prevent the deposition of a continuous metal film that would
not lift-off properly, figure 2. Here, we are using MMA and
PMMA as double layer; two layers of PMMA with different
molecular weights can also be used (e.g. 495 kDa for the
bottom layer and 950 kDa for the top layer). Besides ion
beam etching, reactive ion etching is broadly used in the
semiconductor industry [70, 71]. While it can etch efficiently
most semiconductors and a few metals such as Al, Ti, Pt and
Cr, unfortunately reactive ion etching cannot etch Au or Ag.

Figure 3 shows the same plasmonic structures realized
with ion beam milling (left column) and lift-off (right col-
umn). A diversity of plasmonic nanostructures have been
chosen to illustrate the performances of both recipes for dif-
ferent situations: (a) a simple dipole antenna, (b) a ring, (c) a
heptamer, (d) a dolmen, (e) a doughnut and (f) a spiral.
Comparing both columns, one clearly observes that overall
the ion beam etching produces nanostructures that are much
better defined than those realized with lift-off. The outline is
clearer with etching, while the structures produced by lift-off
appear rather distorted. This is caused by the double layer
e-beam resist undercut, which leaves ample space for the ad-
atoms to diffuse on the substrate before they become con-
strained by the bottom e-beam resist layer walls. This diffu-
sion of metal clusters leads to a fuzzy nanostructure outline.
Ion beam etching also enables the definition of smaller gaps
between adjacent nanostructures; this is clearly visible for the
dipole antenna, for which a sub-10nm gap can be realized
with ion etching, figure 3(a). Note also that in this case the
gap is very straight throughout, while lift-off produces a pair
of ellipsoids that recess at one point. The small gaps achieved
by the ion beam etching approach are much more repro-
ducible and the yield is significantly higher compared to lift-
off, since HSQ has a high yield and a very good resolution,
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Figure 3. Comparison between plasmonic nanostructures fabricated
by ion beam milling (left column) and lift-off (right column): (a)
dipole antenna, (b) ring structure, (c) dolmen, (d) heptamer (e)
doughnut and (f) spiral. Scale bars, (a), (b), (c), (e): 20 nm; (d) and
(f): 100 nm.

and we are not limited by the grain formation after the eva-
poration onto the mask. Our aim is not to discuss here whe-
ther one structure would be ‘better’ than the other, but rather
to draw attention to the fact that with the same e-beam
writing, the resulting structures can be quite different,
depending on the process used. This also emphasizes that the
resolution is not solely determined by the e-beam. Finally, let
us note that, due to the undercut, it is very difficult to fabricate
nanostructures with voids using lift-off: the doughnut struc-
ture is rather ill-defined, figure 3(e), while the spiral is not
properly opened, figure 3(f). In the latter panel, the low
contrast object is the main spiral, while the brighter part is
metal deposited on top of the remaining polymer (PMMA),
which should have been removed by the lift-off process. Due
to the very small gap and photoresist overexposure caused by
the proximity of the exposed pixels, the lift-off was not
successful in that case.

We resort to numerical simulations to study the influence
of the fabricated nanostructures shapes on their optical
response. Based on the SEM images shown in figure 4, we
have built realistic finite elements models for some of the
structures [72], and computed their response using the surface
integral equation (SIE) [73, 74]. Contrary to volume methods
[75], the SIE requires only the discretization of the scatterer
surface. For the calculations shown in figure 4 a triangular
mesh with average side of 8 nm was used to discretize the
nanostructures surfaces, which were immersed in a homo-
geneous background with relative permittivity € = 1.625
deduced from the average refractive index of the glass sub-
strate and air (this simple approach mimics quite accurately
the influence of a substrate on the plasmon resonance [76]).
For the calculations, no residual HSQ was considered on top
of the ion beam etched structures. Figure 4 shows the
corresponding scattering cross sections, using the same arbi-
trary scale for all structures. While the spectra are different for
ion beam milling and lift-off structures, it is interesting to note
that the overall spectral response is maintained, also for the
less accurate lift-off structures. For the dipole antenna in
figure 4(a), we observe that the resonance for the ion beam
structure is significantly red-shifted compared to that of the
lift-off structure. This can be explained by the rounded
structure [77], the shorter gap between both antenna arms
[3, 8], and the residual HSQ on top [3]. Also, the quadrupolar
resonance is visible as a shoulder in the spectrum of the ion
beam structure. For the ring in figure 4(b) the lift-off structure
is red-shifted compared to the ion beam etched one because
the ring is thinner [78]. The dolmen structure in figure 4(c)
exhibits multiple Fano resonances as dips around
700-800 nm and 900-1000 nm; such multiple features can
occur in large dolmen structure [79], when the relative phase
between the bright and dark modes changes [80]. The spectral
feature around 700-800 nm is associated with the two vertical
bars and is especially narrow for the ion beam structure [79].
The response of the heptamer in figure 4(d) also exhibits the
signature of a Fano resonance around 750-800 nm [81]. It is
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Figure 4. Calculations of the optical response for some of the
structures fabricated in figure 3: (a) dipole antenna, (b) ring structure,
(c) dolmen and (d) heptamer. The scattering cross section (SCS) is
shown with the same arbitrary scale for all structures and discretized
models based on the SEM images shown in figure 3 have been used
for the calculations.

interesting to note that for this geometry, the extremely tight
structure obtained by ion etching has a less prominent Fano
dip, compared to the more irregular structure obtained by lift-
off, which is in agreement with results from Hetschel et al
[82].

In summary, we have detailed two different approaches
for the fabrication of metallic nanostructures based on e-beam
lithography. The first approach relies on a negative e-beam
resist, followed with ion beam milling, while the second uses
a positive e-beam resist and lift-off. Overall, ion beam etching
provides smaller and more regular features, that can be con-
trolled down to about 10 nm. In the lift-off process, the metal
atoms are deposited within the e-beam resist mask and can
diffuse on the substrate, rendering the nanostructure outline
slightly fuzzy. Comparing the scattering cross sections com-
puted for both approaches, we observed quite some spectral
differences related to the overall size of the structures (usually
the lift-off structures are larger than the ion beam milled ones)
or to some specific geometrical details. These differences are
especially visible for structures that support complex reso-
nances, such as Fano resonances. Both approaches can pro-
duce useful nanostructures and the results reported therein
should guide the researcher to choose the best suited approach
for a given application, depending on the available
technology.
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