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A B S T R A C T

Metal nanocones can exhibit several strong plasmonic resonances, which are associated with intense and ac-
cessible electromagnetic hot spots. They can thus be used to enhance light–matter interactions or to facilitate
location-specific sensing while enabling separation of some non-specific contributions towards the sensing sig-
nal. Nanocones and similar 3D structures are often fabricated with the use of the so-called self-shading effect,
which occurs during the evaporation of a metal film into circular nanowells. Unfortunately, a full description of
a successful deposition process with all the essential details is currently missing in literature. Here we present a
detailed view of the fabrication of ordered arrays of conical gold nanostructures using electron beam lithography
and gold electron beam evaporation. We show that the symmetry of the fabricated nanostructures is influenced
by the lateral position of the substrate on the sample holder during the deposition. Off-axis deposition or tilt
of the sample leads to asymmetric nanostructures. When the deposited film is thick enough, or the nanowells
narrow enough, the entrance aperture is clogged, and nanocones with sharp tips are formed. In contrast, flat-top
truncated cones are produced for thinner films or wider nanowells. All these findings help to identify inherent
limits for the production of wafer-scale arrays of such non-planar nanostructures. On the other hand, they also
suggest new fabrication possibilities for more complicated structures such as mutually connected nanocones for
electrically addressable chips.

1. Introduction

Localized surface plasmon resonance of metal nanostructures is a
highly studied topic, with plenty of applications such as heat-assisted
magnetic recording [1], imaging below the diffraction limit [2], con-
struction of metasurfaces [3], or biosensing [4]. The size and shape
of nanostructures are the key aspects that define the optimal building
blocks for the respective applications. These range from simple discs
or cuboids in planar geometries [5] to 3D nanostructures having chiral
[6] or other sophisticated shapes [7]. One large class of the 3D nanos-
tructures are metal nanocones. They offer several unique features like
highly accessible hotspots exposed to the environment or different res-
onant modes connected with different excitation and collection geome-
tries. The intense and accessible hotspots of nanocones have been uti-
lized in surface-enhanced Raman spectroscopic studies [8–10], photo-
luminescence studies of energy transfer between plasmonic antennas

and quantum dots [11,20,21]. They have been used in scanning-probe
near-field optical microscopy, where sharp tips and nanocones are the
fundamental building blocks [12–14]. Metal nanocones also seem like
a promising platform for location-specific biosensors. The presence of
a target analyte near the tip of the nanocone results in a characteristic
spectral shift of the relevant plasmonic mode, while when the analyte
resides near the base of the nanocone, a different plasmonic mode is af-
fected, and thus the two analyte locations can be distinguished [15–19].
This was used to study molecular assembly [15], detect analytes at con-
ventional [8] or even very low [33] concentrations, and to analyze cell
lysate [10]. Single-molecule sensing with this platform was also pro-
posed theoretically [16].

Metal nanocones can be fabricated by several top-down or bot-
tom-up strategies, each of them having its natural advantages and weak-
nesses: Focused ion beam milling or electron beam induced deposition
of metals both allow very accurate control of the shape and locations
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of the nanocones [20–22]. However, they are inherently slow tech-
niques and thus unsuitable for the fabrication of nanostructures over
large areas. Dry etching of metal films through a nanostructured mask
is fundamentally similar to focused ion beam milling, yet it is a much
faster process. With the dry etching, large areas of nanocones can be
produced on planar or even non-planar surfaces [10,18,23–30]. The
third fabrication strategy is based on the self-formation of nanocones in-
side cylindrical nanowell templates during the deposition of the respec-
tive metal, making use of an effect which is known as aperture clogging
or self-shading [15,23,31,32]. The gradual deposition of a metal onto
the sidewalls and the top face of the mask aperture leads to a decrease
of its effective size and to the formation of cone-shaped nanostructures
beneath the aperture (see Fig. 1).

Either the deposited nanocones can remain inside the resulting metal
cavities [33] or one can remove these metal and resist layers using a
lift-off process, which will then lead to free-standing nanocones. If the
nanowell templates are prepared inside inorganic dielectrics like silicon
nitride or silicon dioxide, the resulting nanocones will end up buried
inside the nanowells. These structures can be used in biosensing exper-
iments, where the inherent barrier of the nanowell orifice blocks un-
wanted interactions of large blocks of matter with the sensing nanocone
elements [15,34,35]. The self-shading effect works for nanowells pre-
pared by all sorts of lithographic procedures: Large areas randomly cov-
ered by nanocones can be prepared very quickly by colloidal or so-called
hole-mask lithography [23]. Wafer-scale arrays of precisely positioned
and shaped nanocones can be achieved by nanoimprint lithography
[8,36–39] or by ultraviolet laser interference lithography [40]. Electron
beam lithography (EBL) cannot surpass the aforementioned techniques
in terms of speed, but it is very versatile and can produce a wide range
of nanocone patterns. The shapes of the resulting nanostructures can
then be controlled by modifications of the lithographic design, e.g. from
circular to complex structures like a pair of circles connected with a
narrow line, which allows obtaining interesting 3D objects like bridged
nanocones [41], winged nanocones [42], or L-shaped structures [37].

Despite the richness of various metal nanocone platforms mentioned
above, we want to bring attention to one problematic aspect of the
self-shading process. Imperfect planar alignment of the substrate dur-
ing deposition or the inherent multi-directionality of physical vapor de-
position methods lead to a broken symmetry of the nanocones fabri-
cated on large-scale substrates. These asymmetries are directly related
to the position on the sample holder. They are hardly visible in the con-
ventional top-view electron microscopy imaging and can, therefore, of-
ten be missed during brief post-fabrication inspections. The details of
the fabrication process described here will help to better understand
the essential aspects of the self-shading mechanism, which plays a role
even in the fabrication of simple flat nanodiscs. This knowledge can

also be utilized for the fabrication of complex interconnected nanocone
structures suitable for electrically addressable chips.

2. Methods

2.1. Fabrication of samples

Silicon substrates (Siegert Wafer GmbH) were cleaned by acetone
and isopropyl alcohol, spin-coated with 300nm of positive tone elec-
tron beam resist (CSAR 62/AR-P 6200.09, Allresist GmbH), and baked
out at 150 °C on a hotplate for 1min. No adhesion promoter was used.
Hexagonal arrays of circular nanowells with nominal diameters of 50,
100 and 200nm and various spacings (the gap between structures of
300, 500, 1000nm) were patterned by EBL using a scanning electron
microscope (SEM, MIRA3, Tescan, equipped with a laser interferome-
ter stage RAITH), with an accelerating voltage of 30kV and probe cur-
rent of 25 pA (further information on the EBL process is provided in
the Supplementary Data, Sect. 1). After the standard developing proce-
dure (developer AR 600–546 for 1min, stopper AR 600–60 for 30s, dem-
ineralized water for 30s), the resist was stripped in O2 plasma for 20s
(PlasmaPro NGP 80, Oxford Instruments Ltd., pressure 40 mTorr, power
50W, DC bias voltage 245V). The resulting nanowells in the developed
resist had the same diameters as the nominal values, i.e. 50nm, 100nm,
and 200nm (corresponding to the height–diameter aspect ratio of 6, 3,
and 1.5, respectively). Nanowells in the resist were then covered by a
5nm thin titanium adhesion layer and by a 245nm thick gold film in an
ultra-high vacuum electron beam evaporator (Bestec GmbH). Note, that
a proper deposition rate is crucial to get the desired nanocone shape —
it must be kept above 1.5Å/s to get conical structures; at lower values,
structures with different morphology, like spinning-top or bowl shapes,
are formed [8]. Therefore, the rate of gold deposition was held above
this limit at 2.2Å/s. Finally, the lift-off process was performed in a com-
mon CSAR remover (AR 600–71, Allresist, 15h bath and subsequent ul-
trasound).

3. Results and discussion

To study the influence of the sample position during the deposi-
tion, we mounted the lithographically patterned substrates onto differ-
ent lateral positions of the sample holder inside the deposition cham-
ber (see Fig. 2, center) with distances from the center of the holder in
the range of 0–105mm. The holder was perpendicular to the deposi-
tion beam, 400mm away from the crucible. The flux incidence angles
(the local deposition angles) on the samples were therefore in the range
of 0–15° (schema in Fig. SD2a, the Supplementary Data). Inspection of
the resulting structures in SEM after the lift-off showed that the most
symmetric structures of the highest quality were formed on the sub-
strates located at the center of the holder with a corresponding flux in

Fig. 1. Schematic of the fabrication process of metal nanocones. (a) A matrix of circular nanowells with two diameters is fabricated by electron beam lithography into a polymer resist on
top of a silicon substrate. (b) The metal nanocones are formed inside the nanowells via the self-shading effect during metal evaporation. (c) The free-standing structures on the substrate
are formed after the lift-off, when the resist and surrounding metal are removed.
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Fig. 2. The shape of nanocones with 50, 100 and 200-nm diameter in SEM (LYRA3, MIRA3, Tescan) under the top, front and side view (tilt of 55°) together with the schema of deposition
geometry and sample arrangement on the evaporator holder with a 4-inch wafer in the center. Samples were placed at the total distance from the center holder and under flux incidence
angle as follows: a) 105mm, 15° (schema rotated by 45°), b) 65mm, 9°, c) 0mm, 0°, d) 45mm, 6°, e) 0mm, 0° and sample tilt of 7° (schema rotated by 90°).

cidence angle of 0° (Fig. 2c, their parameters are summarized in Table
1). Smaller nanowells with 50nm and 100nm diameters ended up with
sharp nanocones having the height–diameter aspect ratio close to 2:1.
As the total thickness of the deposited metal was only 250nm, nanow-
ells with the 200nm diameter were too wide to get clogged during
the deposition. Therefore, truncated nanocones were formed. The thick-
ness of the deposited gold film thus, in our case, had to be at least
400nm (twice as large as the diameter of the largest nanowells) to en

sure the production of sharp nanocones even with the 200nm diameter.
When the substrates were placed out of the center of the sample

holder during the deposition with the corresponding flux incidence an-
gles larger than 0°, the shapes of the nanocones significantly changed
(Figs. 2a–d). Specifically, off-axis deposition leads to oblique nanocones
with asymmetric profiles. They even develop a slightly elliptical base.
It is noteworthy that oblique nanocones can be mistaken for right
(symmetric) nanocones when imaged from the direction of the cen-
ter of the holder (side views in Fig. 2b, d). Imaging the structures
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Table 1
Parameters of the most symmetric nanocones with 50, 100 and 200nm diameter, as mea-
sured from the SEM images (LYRA3, Tescan).

Diameter
[nm]

Edge-to-edge
gap [nm]

Tip angle
[°]

Height
[nm] Notes

200 300 23.2±2.6 243±9 Truncated cone,
flat top

100 300 26.7±3.5 193±19 Cone, sharp tip
50 300 28.3±3.5 104±11 Cone, sharp tip

from different viewing angles is thus crucial, as demonstrated by the top
and front views in Fig. 2b, d, which clearly show the asymmetry. As can
be presumed, the asymmetry is the largest in the case of the sample with
the largest values of distance from the holder center and flux incidence
angle (Fig. 2a). In this case, the nanocones are asymmetric in both views
(side and front) because of a viewing direction from the holder center is
located 45° between the side and front normal angles.

While most of the truly symmetric (right) nanocones have sidewall
angles (left or right parts of the tip angles – schema in Fig. SD2c, Supple-
mentary Data) around 11°–14° (leading to the mean tip angles around
22°–28°, see Table 1), some of the most asymmetric oblique nanocones
have sidewall angles of 23°–24° on one side and 0°–2° on the other side
(cf. Supplementary Data, Sect. 2). This notable difference leads to the
asymmetry of the nanocone sidewall angles, which reaches the ratio
of 20:1. The whole effect can be ascribed to the imperfect direction-
ality of the deposition, which is conventionally described by Lambert's
cosine law [43]. The observed asymmetry will vary for different cru-
cible-holder distances, which will change a line-of-sight of the deposi-
tion. When the flux incidence angle is changed during deposition, more
complicated conical shapes can be reached (more in the Supplementary
Data, Sect. 3).

To extract the effect of non-normal deposition, we tested the depo-
sition onto substrates placed exactly in the center of the sample holder,
but slightly tilted with respect to the holder surface (angle 7°, see Fig.
2e). Although produced precisely at the deposition axis, oblique ellipti

cal nanocones are formed. Similarly as in the previous cases, the oblique
and truncated nanocones are formed when the thickness of the de-
posited material is low with respect to the nanowell diameter. Although
the self-shading effect is desirable for the production of nanocones, it
can be detrimental for the fabrication of planar nanostructures. Plas-
monic nanodisc nanoantennas, for example, often have both lateral sizes
and thicknesses below 100nm [44]. But as the typical sidewall angle is
around 25° (cf. Table 1), the bottom base of such nanodiscs can be sig-
nificantly larger than the top face. When we deposited 50nm of gold
(plus 5nm of titanium) onto 50nm nanowells (Fig. 3), blunt truncated
nanocones were formed with the top face having half the diameter of
the bottom base, as apparent under the tilted view. This is consider-
ably different from the idealized cylindrical shape, which is often as-
sumed for the modeling of similar plasmonic nanostructures. This devi-
ation from the ideal shape is difficult to discern from images acquired
in the conventional top view. Inspection of the deposited nanostructures
at multiple viewing angles by SEM is therefore highly recommended.
Only that way, the true shape of the nanostructures can be assessed and
later incorporated into realistic numerical simulations or theoretical cal-
culations. Measurements of the topography using scanning probe mi-
croscopy is another option how to detect asymmetries of the structures.
However, such measurements can become complicated, especially for
very dense arrays and structures below 100nm, due to quite a big as-
pect ratio of nanocones and limited sharpness of the probe.

The self-shading effect also enables the fabrication of more com-
plex 3D structures than just an ordinary nanocone. The fabricated
nanocones can be left embedded inside nanowells made of hardened
resist if the sample is exposed to an electron beam after the metal de-
position, but before the lift-off (Fig. 4a). The bridged gold nanocones
in Fig. 4b could be fabricated by the patterning of a pair of circles
(here with a diameter of 100nm) connected by a line with a width
smaller than the diameter of the circle (here with a width of 50nm). Us-
ing this approach, even more complicated networks of interconnected
nanocones can be fabricated (Fig. 4c), with potential applications in
all sorts of electrically addressable chips. Additional information on the

Fig. 3. SEM micrographs (MIRA3, LYRA3, Tescan) of 55nm thick gold nanodiscs with a diameter of (left) 50nm, (center) 100nm, and (right) 200nm. (Top row) top view SEM with the
0° tilt, (bottom row) SEM view with the 55° tilt.

Fig. 4. SEM micrographs (LYRA3, Tescan) under the 55° tilt of: (a) truncated nanocones inside hardened resist nanowells, (b) pairs of bridged nanocones, (c) interconnected nanocones.
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design and features of the interconnected nanocone arrays can be found
in the Supplementary Data, Sect. 4.

4. Conclusions

In conclusion, we have shown that symmetric (right) metal
nanocones can be formed by the self-shading effect only when the metal
deposition direction is almost perfectly perpendicular to the sample sur-
face. Yet this requirement is very hard to achieve in practice as even a
small tilt of the sample or its lateral shift out from the sample holder
center will result in deviation from perpendicular deposition in many
physical vapor deposition systems. Importantly, the resulting asymme-
try is hard to identify in the conventional SEM images acquired under a
normal viewing angle. Failing to take asymmetries of fabricated nanos-
tructures or that most ‘cylindrical discs’ fabricated by metal deposition
and lift-off will indeed be truncated cones creates significant errors in
the modeling of actual plasmonic nanostructures. We suggest that when
fully symmetric (right circular) nanocones are desired, the deposition
directionality should be well controlled and confirmed using SEM imag-
ing at multiple viewing angles. When large areas of symmetric nanos-
tructures are needed, one could compensate for the inherently asym-
metric physical vapor deposition by non-planar sample holders. Smart
utilization of the knowledge described in this study allows that interest-
ing, robust sensing or detection platforms with 3D geometries could be
created. We demonstrated such examples of nanocones inside dielectric
nanowells and arrays of bridged or interconnected nanocones.
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