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Abstract

The ability to fabricate nanocones having precise dimensions is essential for several emerging
applications. We demonstrate here a method which can be used to fabricate arrays of gold nanocones
with high dimensional precision using lithographic and lift-off means. Electron beam (ebeam) writing
of a spin-coated PMMA-based bilayer resist deposited onto silicon wafers is used to form a shadow
mask. This mask gradually closes as the deposition of gold (using ebeam evaporation) proceeds—the
result is arrays of gold nanocones on the silicon wafer surface after lift-off of the resist. Observations
using scanning electron microscopy (SEM) enable a statistical study of the dimensions of 360 gold
nanocones—the results demonstrate a high precision of the nanocones dimensions. The fabrication
process enables the creation of arrays of nanocones having a base diameter varying from 53.6+2.1 hm
to 94.1+2.4 nm, a vertical height ranging from 71.3£4.1 nm to 153.4+3.4 nm, and an apex radius of
curvature of ranging from 8.4+1.2 nm to 11.6x1.5 nm. The results are compared with the predictions of
a deposition model which considers the evolving shadow masking during the gold deposition to compute

the nanocone profile.
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1. Introduction

Technologies involving small, sharp gold nanocones [1-35] are currently of great interest due
to their diverse practical applications—ranging from biosensing [2], catalytic surfaces [13], and drug
delivery [29] to antireflective coatings [18], surface-enhanced Raman spectroscopy [15], and near-field
scanning optical microscopies [10]. The ability to fabricate these structures with precise and accurate
dimensions is paramount for the development and amelioration of many of these applications. This is
particularly critical for applications harnessing the optical properties of such objects such as near-field
probes [10,21,31], optical and photonic surfaces [18], and plasmonic metamaterials [34]; as it is known

that the specific nanocone size governs its spectral properties [36-39].

There are several proposed methods in the literature for the manufacture of gold nanocones.
These include inter alia masking and etching [14,18,19], maskless etching [23,26], electron beam-
induced metal decomposition [28], chemical synthesis [17,25], nanotransfer printing [3], nanoimprint
lithography [35], and shadow masking/deposition based techniques [6-8,22,24,30,32]. Concerning the
last approach, it is known that combining lithography and evaporation is a powerful method for the
fabrication of gold nanocones [6,7,22,30,32]. The reasons for this are as follows. The approach is
relatively simple to implement and is compatible with planar and other lithographic-based fabrication
techniques, e.g. micro/nanoelectromechanical systems (MEMS/NEMS) processes. Consequently, it can
be incorporated into a larger technological process. It also enables the fabrication of both accurately
positioned isolated nanocones and large, dense arrays of identical nanocones. The technique combines
shadow masking [40] during deposition and lift-off techniques [41-43]. Reducing the initial mask
opening size by using electron beam lithography [44,45], means that deposited features can have critical
dimensions on the nanometre scale [46]. A key feature of this process is the deposition of material onto
the mask opening itself, which leads to a gradual reduction of the mask opening as the deposition
proceeds—terminating in the complete closing of the mask under certain conditions [47]. The result is
a tapered feature, which can have a sharp point if mask closing is fully achieved during the material
deposition. Indeed, it has been seen that a variety of resulting feature shapes (ranging from cones and

spikes to rings and hollow cylinders) can be produced depending on the mask opening aspect ratio and



the specific processing conditions—notably sample tilting [30]. Sharp-tipped metallic nanocones, both
in isolated form and in arrays, can be manufactured using this approach. However, in most reports very
specific dimensions have been sought, therefore no systematic parametric study of the lift-off process
or statistical study of the resulting nanocones has been presented. The current paper addresses this issue
by demonstrating how the fabrication of small gold nanocones can be precisely tailored using standard

ebeam evaporation, electron beam lithography and lift-off means.

2. Fabrication of gold nanocones using lithography, evaporation, and lift-off

Figure 1 shows a schematic diagram describing the various steps of the lithographic lift-off
process used to fabricate the gold nanocones on silicon wafers. The following sections will describe in

detail the individual processes: spin coating, electron beam lithography, and evaporation and lift-off.
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Figure 1. Schematic diagram showing the fabrication of the gold nanocones having a base diameter <
100 nm using electron beam (ebeam) lithography, gold evaporation, and lift-off. (a) Ebeam writing of
the PMMA-based resist bilayer (blue and green) deposited onto a silicon wafer (grey). Subsequent
development of the exposed resist defines the diameter of the mask opening. (b) A thin gold mesa is
formed at the bottom of the openings at the start of the evaporation. Gold is also deposited onto the
mask, leading to a reduction in size of the mask opening. (c) A truncated cone structure is formed as the
gold evaporation proceeds and the mask opening gradually reduces. (d) A nanocone is formed when the
mask opening is fully closed. Further evaporation onto the mask surface has no effect on the nanocone
dimensions. (e) Lift-off of the unexposed resist in a suitable solvent reveals the nanocones adhered to

the silicon surface.

2.1. Spin coating of the bilayer resist

3-inch diameter (100) silicon wafers (Siltronix, France) were purchased for the study. Prior to
processing, they are cleaned using an RCA procedure [48]. The wafer surfaces are then dehydrated on
a hotplate (180°C/10 minutes). Following this, a bilayer electron beam sensitive resist is spin coated
(RC8, SUSS MicroTec SE) onto the wafer surfaces to create the overhang and undercut features
necessary for a lift-off process [30]. The resists are positive tone to an electron beam. The first resist
layer is a copolymer methyl methacrylate-methacrylic acid P(IMMA-MAA 8.5%) ethyl lactate (EL) 13%
(MicroChem, USA) and is deposited by spin-coating at 4000 rpm/1000 rpm s for 12 seconds to obtain
a 450 nm thick film. An initial homogenization spin coating step (500 rpm/1000 rpm s/6 seconds) was
performed. Pre-baking of the resist is performed in two steps to reduce the effects of potential thermal
shock (1 minute at 80°C followed by 10 minutes at 180°C). A second resist layer is poly(methyl
methacrylate) (PMMA) 950K diluted 5/3 with Anisole (MicroChem, USA) and deposited using spin
coating onto the first P(IMMA-MAA) based resist. This second resist layer will create the overhang
feature. The second resist layer is spin coated at 4000 rpm/1000 rpm s for 12 seconds to obtain a
thickness of 50 nm. Again, an initial homogenization step (800 rpm/1000 rpm s%/8 seconds) is

performed. The second resist is also pre-baked for 1 minute at 80°C followed by 10 minutes at 180°C.
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2.2. Electron beam lithography and resist development

The bilayer resist is then written using electron beam lithography chamber (Raith EBPG 5000
Plus) at 100 kV. First, the electron beam dose was varied from 400 uC cm2 to 2200 uC cm? for a
circular mask feature having a fixed diameter. Second, this optimum dose is applied to write several
circular mask features having varying diameters. The mask design (GDSII file) was created using
LayoutEditor software (Juspertor GmbH, Germany). The mask design contained circles having
diameters ranging from 24 nm to 50 nm. The mask also includes larger shapes (square-shaped
micrometre-sized openings) near to the nanocones to promote the lift-off process by allowing the
developer solution to dissolve the unexposed resist. If such shapes are not included, the lift-off can take
a considerable amount of time. These larger shapes also help identifying the position of the mask
openings and the eventual nanocone arrays scanning electron microscopy is performed. In order to
fracture the GDSII file, BEAMER software (GenlSys GmbH) was used. A proximity file correction
(PMMA on Silicon) was used—the resolution was 5 nm for the dose test, and 1 nm for the features with
varying diameters (as we will discuss in section 4.2). A chemical development of the resist bilayer is
performed to remove the exposed part of the resist and form the overhang and undercut features required
for the later lift-off step. The exposed resist bilayer is developed for 60 seconds using a mixture of VLSI

grade methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) with a volume ratio v/iv = 1/2.

2.3. Metal deposition using evaporation and lift-off procedure

The wafers are then rinsed in pure IPA and dried with dry nitrogen. The PMMA-based patterned
silicon wafers are then loaded into a MEB 550S electron beam evaporation system (Plassys, France) at
< 107" mbar for a chromium/gold deposition using planetary-rotated (5.2 rpm), electron beam
evaporation. A 5 nm thick adhesion layer [49] of chromium is first deposited at ~0.2 nm s. Following

this, a 250 nm thick gold layer is deposited onto the patterned wafer at two calibrated deposition rates v



(0.2 nm s and 1 nm s?) in order to observe the effect of this parameter on the resulting nanocone

dimensions. The error of the orthogonality of the wafers with respect to the evaporation source is +0.5°.

The evaporated wafers are removed from the evaporator and a lift-off procedure is conducted.
This consists of removing the bilayer resist using an n-methyl-2-pyrrolidone ‘Remover PG’
(Microchem, USA) bath at 70°C for 120 minutes. To finish the process, the samples are rinsed in acetone
and IPA (several minutes) and dried using dry nitrogen. The resulting gold nanocones were observed

using scanning electron microscopy.

3. SEM observation and measurement of nanocone dimensions

The gold nanocones are observed using scanning electron microscopy (SEM) using an Ultra-55
(Zeiss, Germany). The lithographic masking used here allowed arrays of nominally identical nanocones
to be patterned onto multiple silicon wafers. This enables a statistical study of the precision of: (i)
nanocones on the same wafer which have undergone the same processes and (ii) nanocones from wafer-
to-wafer, where the same technological process is intended. Indeed, it should be noted that what we
mean when referring to ‘precision’ in the current manuscript is related to the reproducibility (nanocones
on the same wafer) and repeatability (nanocones on different wafers having undergone the same

technological process).

The observation of the samples in the scanning electron microscope is undertaken using an in-
house manufactured mechanical sample holder which allows the silicon wafer (containing the gold
nanocones) to be orientated perpendicularly to the SEM sample holder. This configuration facilitates
SEM observations to be made when the silicon wafer has been cleaved and nanocone arrays are situated

in proximity to the cleaved wafer edge—Figure 2 shows an example of this.



Figure 2. An example of the scanning electron microscopy (SEM) observation of the gold nanocones
using inclined SEM observation. The SEM inclination angle is 35° in this case. The apparent tilted
nanocone height hg and apparent half-angle B, are indicated in the figure. The real nanocone base

dimeter is b.

The following passage explains how the nanocone dimensions b (cone base diameter), h
(nanocone vertical height), and r (nanocone tip radius) are obtained from the SEM images. These are
important dimensions to be able to control for applications—Iet us recall that the physical dimensions
of the nanoparticle, such as a nanocone here, are known to determine its spectral properties [36]. In
addition, the aspect ratio of a nanoparticle is an important parameter which can govern the shift of the

plasmonic resonance [37].

First, an image of each nanocone is captured at a certain SEM inclination angle 6—an example
is given in Fig. 2. This image is analysed using software [50] to extract the value of the base diameter b,
the apparent nanocone height under inclination hg, and the apparent apex half-angle under inclination
Bg- This latter value is extracted from the images by fitting two straight lines to the nanocone sides.

These two lines intersect at a distance above the tip of the nanocone. Remembering that hy and B, are



apparent values due to the wafer inclination, the following equations allow one to obtain h and S of the

cone:

hg
" cos@

£ = tan"!(tan By cos 6)

These three values (b, h, and 8) now allow one to calculate the nanocone tip radius—if, in a first
approximation, we assume that the tip of the nanocone is circular—and that the structure is a perfectly

conical shape up to the circular tip. The following passage will describe this.

With reference to Figure 3, simple trigonometry can be used to obtain the following equation
for the circular tip radius r of the nanocone in terms of the half-angle S of the nanocone, the nanocone

base diameter b, and the nanocone vertical height h:

r= lii:iljlﬁ(Zt:nB_h>

Gold nanocone b



Figure 3. (a) A 3D schematic diagram of a gold nanocone. (b)The geometrical parameters used to
calculate the tip radius of the nanocone. The blue line in the Fig. 3(a) shows where the vertical cross-
section is taken to produce Fig. 3(b). In Fig. 3(b), the base b (green arrow), the height h (blue arrow),
and the tip radius r (red arrow) characterize the nanocone. The half-angle 8 (orange arrows) is shown

at the apex of the perfect nanocone having height h, (purple arrow).

Analysis of the SEM data using the method described above allows us to plot the data which

will be presented in the following section.

4. Results and comparison with modelling of the deposition
4.1. Effect of electron beam dose for single mask feature

An initial study was performed to estimate the optimum ebeam dose for nanocone fabrication
using a PMMA-based bilayer resist thickness equal to 450 nm/50 nm. In order to do this, the ebeam
dose was varied from 400 uC cmto 2200 uC cm2 whilst employing a 30 nm diameter ebeam pattern.
Using this method, large arrays of nanocones of differing ebeam doses could be fabricated and studied.
SEM imaging of the nanocone arrays enables two pieces of information to be extracted. First, the
‘nanocone yield” which we evaluated from the presence or not of a nanocone. Second, the dimensional

reproducibility of the resulting metallic nanocones using the process.

Concerning the nanocone yield, it was observed that the ebeam dose range 1200-1800 uC cm
results in a yield of approximately 100%. Outside this dose range the yield falls—this is especially
apparent at ebeam doses <1200 uC cm because the dose is not high enough to completely open the
resist during the subsequent development step. The ebeam dose determines the developed resist lift-off
profile. A dose which is too low or too high can result in the openings and overhangs of the lift-off

profile not be correctly defined—this can lead to the poor yield observed.



In terms of dimensional reproducibility, it was observed that the dose range 1200-1800 pC cm-
2 enables the fabrication of nanocone features having reproducibly precise dimensions. Figure 4 shows
plots of nanocone height, base diameter, half-angle, and aspect ratio obtained from the SEM
observations. 130 nanocones were measured for this part of the study, i.e. ~16 nanocones measured per
data point. The mean and standard deviation was calculated for each data point. Based on the observed
nanocone yield and the dimensional reproducibility obtained in this part of the study, an ebeam dose of
1500 puC cm was used in the following study—which had the objective of examining the effect of

changing the ebeam mask design diameter on the resulting nanocone dimensions.
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Figure 4. Principle nanocone dimensions obtained from the ebeam dose study. (a) Nanocone height h

(filled circles) and base diameter b (open circles) as a function of electron beam lithographic dose. (b)
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Nanocone half-angle g (filled circles) and the nanocone aspect ratio (h/b) (open circles) as a function
of electron beam lithographic dose. 130 gold nanocones were analysed to obtain the data, i.e. ~16
nanocones per data point. The ebeam mask diameter was 30 nm and the resolution used to fracture the

circle was 5 nm.

4.2. Effect of mask diameter at constant electron beam dose

In this part of the study the ebeam dose is kept constant (1500 uC cm) and the ebeam mask
diameter is varied in the range 24-50 nm with a step of 2 nm. As above, the lithography, evaporation,
and lift-off process enabled the fabrication of silicon surfaces containing arrays of nanocones as a
function of mask diameter. 200 metallic nanocones were measured for this part i.e. ~10 nanocones
measured per data point. In order to observe the effect of deposition rate v on the resulting cones, two

deposition rates were employed during the evaporation of the gold: v=1nmstand v=0.2 nms™.

The scanning electron microscopy images in Figure 5 show examples of the gold nanocones
fabricated for this part of the study. First, concerning the overall shape of the resulting nanocones, it is
apparent that the gold nanocones are not perfect geometrical conical structures. The base of the
nanocones is rounded (negative curvature) and the apex of the nanocone is not a perfect point (positive
curvature). However, the sidewalls of the nanocones are very straight. Second, the SEM imaging often
indicates what appears to be a metallic ‘residue’ in proximity to the base of the nanocone. (This is seen
in the literature [6]) The contrast of the SEM suggests that this residue is gold. Using the methodology

described above in Section 3 one can extract the relevant values from the nanocone SEM images.

Figure 6 shows plots of the various nanocone dimensions obtained from the analysis of the SEM
images. These are the base diameter b as a function of ebeam mask diameter [Fig. 6(a)], vertical height
h as a function of base diameter b [Fig. 6(b)], nanocone aspect ratio (h/b) as a function of b [Fig. 6(c)],
tip radius r as a function of b [Fig. 6(d)]. In some cases, the extracted data can be fitted using a linear
least squares approach. These are the black dashed lines on the graphs in Figure 6. This fitting of the

data allows the following equations to be written down for the nanocone dimensions. At v =1 nm s*!
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we have h = 2.08b — 41.28and h/b = 7.91 X 1073b — 0.884. Atv=0.2nms*we have h = 1.84b —
16.83. The linear fit for the aspect ratio is not given as the coefficient of determination is far from unity.

The experimental half-angle £ (not shown) varies very little from 15° to 14.7° as b increases.

20 nm EHT = 6.00 kV Signal A = InLens WD = 8.1 mm N\
— Grand. = 200.00 K X Platine: | = 45.0 ° \Iem n

Figure 5. Scanning electron microscopy images of gold nanocones fabricated using electron beam
(ebeam) lithography of a PMMA-based bilayer resist, evaporation, and lift-off techniques. The base
diameters b of the nanocones are: (a) 67 nm, (b) 75 nm, (¢) 81 nm, (d) 85 nm, (e) 88 nm, and (f) 94 nm.
The bilayer resist is composed of P(MMA-MAA)/PMMA (450 nm/50 nm). The ebeam dose employed
is 1500 uC cm2. The pattern size on the mask was 32 nm, 38 nm, 42 nm, 44 nm, 46 nm, and 50 nm

respectively. The gold deposition rate is 1 nm s™.
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Figure 6. Nanocone dimensions as a function of mask size and gold evaporation rate. (a) Nanocone base
diameter b versus electron beam writing mask diameter d. (b) Nanocone vertical height h versus b. (c)
Nanocone aspect ratio (h/b) versus b. (d) Nanocone tip radius r versus b. The gold was evaporated at
two different rates: 0.2 nm s (open circles) and 1 nm s? (filled circles). In all cases, the electron beam
areal dose is 1500 uC cm and the resolution used to fracture the circles was 1 nm. The error bars are
values of standard deviation calculated from 200 nanocones i.e. ~10 nanocones per datapoint. The black

dashed lines show linear fits to the data. The red solid line shows the results of the modelling [47].

Concerning evaporated gold nanocones fabricated using comparable lift-off methods, Kontio et
al [7] fabricate highly conic-like features having a base diameter of 130 nm and a height of 257 nm—
i.e. an aspect ratio h/b ~2. Liu et al [24] fabricated sub-100 nm diameter gold nanocones—»but with
much lower aspect ratios (h/b ~0.2-0.5) using evaporation via a shadow mask. The range of heights of
the nanocones fabricated here are comparable to those fabricated by Chang et al [15] for SERS

applications—in contrast, the lift-off process used here is easier to integrate into a larger fabrication
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process. Kim et al [3] fabricated gold nanocones having base diameters and heights equal to 100 nm and
270 nm (h/b = 2.7)—noting that the gold deposition rate had an effect on the nanocone shape, as is
observed here—they attributed this to the dependence of the conformal coverage on the deposition rate
[51]. Using evaporation and shadow masking techniques, Fulmes et al [32] fabricated gold nanocones
and conducted a statistical study of the resulting dimensions. They report a height of 91+6 nm and a

non-circular base having dimensions of 465 nm and 54+2 nm-—quoting an aspect ratio of 1.85.

Nanocones fabricated using other materials [52—70] e.g. other metals [62], silicon [60], carbon
[59], boron nitride [58], aluminium nitride [54], titanium dioxide [67] and processes are also of great
interest for a wide range of applications. The process demonstrated here could, in principle, be applied
for the fabrication of nanocones composed of other materials and applied to other applications, providing

that the deposition process is compatible with the overall technological process.

The difference between the base of the nanocones in Figure 4 and Figure 6 can be explained by
the different resolutions used to fracture the circles. For the study of the mask diameter variation, we
used a higher resolution (1 nm instead of 5 nm) in order to be more accurate. As the beam is a Gaussian
beam of ~5-10 nm (and not 1 nm), this fracturing method leads to a small increase of the diameter of
the written circle. This is demonstrated in Figure 7, assuming a beam size of 5 nm, all the circles will be

written with 4 nm more.

d

30nm 34nm 24nm

Figure 7. Schematic diagrams showing the fracturing of 30 nm and 24 nm circles with different
resolutions during ebeam writing. (a) A 30 nm diameter circle (red) fractured with a 5 nm resolution

(black circles represent a 5 nm beam size). (b) A 30 nm diameter circle (red) fractured with a 1 nm
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resolution (black circles represent a 5 nm beam size). (c) A 24 nm diameter circle (red) fractured with a
1 nm resolution (black circles represent a 1 nm beam size). (d) A 24 nm diameter circle (red) fractured

with a 1 nm resolution (black circles represent a 5 nm beam size).

Let us now look at how our experimental results compare to modelling of the deposition via a

shadow mask.

4.3. Comparison of experimental results with a deposition model

The deposition of the nanocones, by evaporation passing via a shadow mask, can be modelled
using an analytical approach [47]. The model considers the rotation of the sample, the amount of tilt of
the sample, and the vertical and horizontal deposition rates of the evaporated material onto the mask
itself. It is these latter factors which lead to the gradual closing of the mask opening during the deposition
of the evaporated matter—this causes the formation of cone-like topographic features. This deposition
model enables a prediction of the vertical profile thickness t(x) of the nanocone as a function of distance
along the base radius x. The dimensions and overall profiles of the experimentally-derived gold
nanocones fabricated in the study can therefore be compared to the predictions of this model. Figure 8

shows examples of the profiles which can be computed using the model.
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Figure 8. Predicted nanocone thickness profiles as a function of length across the base obtained using
the deposition model [47]. The initial mask opening is (a) 45 nm, (b) 65 nm, and 85 nm. The sample is
tilted at an angle of 0.5° with respect to the evaporation source. The sample is considered to be rotated
during the deposition—and completing at least one full revolution. The vertical deposition parameter is

taken to be unity, and the horizontal growth parameter on the mask is taken to be 0.24.

In order to generate the nanocone profiles shown in Figure 8 the initial mask opening diameters
used in the modelling are equal to 45 nm [Fig. 8(a)], 65 nm [Fig. 8(b)], and 85 nm [Fig. 8(c)]. For the
modelling, the sample is considered to be tilted at an angle of 0.5° with respect to the evaporation source
perpendicular. This angle is chosen as the manufacturers of the evaporation system give a tilt precision
error of £0.5°. The sample is also considered to be rotated during the deposition—completing at least
one full revolution to achieve a symmetrical cone about its central vertical axis. The vertical deposition
parameter is taken to be unity, and the horizontal growth parameter on the mask is taken to be 0.24. By
varying the initial mask opening in the model, the solid red line plots shown in Figure 6 can be obtained.
First, it can be observed that the model predicts the trends of the experimental profiles of the fabricated
nanocones—details such as the rounding at the cone base, the quasi-straight sidewalls, and the rounded
tips are all predicted. Second, the model can predict the specific dimensions of the fabricated nanocones.
For a given base diameter, the vertical height of the cone is accurately predicted. The modelling also
enables the lateral growth coefficient (at the small evaporation deposition angle <1° here) to be given—

the modelling and experimental results give a value near to 0.24.

We can compare the predictions of the model with gold nanocones fabricated by Kontio et al
[7]. This group fabricated highly conic-like features having a base diameter of 130 nm and a height of
257 nm—the model used here accurately predicts these dimensions. Although it should be noted that by
using other materials, in particular aluminium, Kontio et al [7] clearly demonstrate that the granularity

of the evaporative deposition determines the likeness to a conical structure.
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Let us now try to explain the vestiges of evaporated matter observed in proximity to the base of
the nanocones. This is apparent on some of the SEM images of the smaller nanocones. As well as the
computing the profile of the evaporated matter, the deposition model is also able to compute the amount
of evaporated material deposited onto the sidewalls of the lithographic lift-off feature. For the small
evaporation tilt angle considered here, the thickness of this deposition is <1 nm. In reality, this
corresponds to a non-uniform deposition of gold [71]. In practice, when the resist lift-off step is
preformed, this sidewall deposition can remain in proximity to the main conical feature. This effect is
more apparent at higher evaporation tilt angles [30], where the sidewall deposition is thicker and
becomes uniform. As the undercut in the bilayer resist is known to be less for smaller openings [30],
sidewall deposition—and hence the possibility of its resulting vestiges in proximity to features—is likely

to be more prevalent on smaller resist openings due to less shadowing.

Now let us focus on the rounding of the apex of the nanocones observed in the SEM images.
The ‘sharpness’ of such features is important in certain applications. First, the sharpness of the tip
governs the special resolution of near field microscopies, e.g. atomic force microscopy (AFM). Second,
the sharpness of tips determines the electric field enhancement introduced by such features, this is
important in tip-enhanced Raman spectroscopy (TERS). In terms of the shape of the apex of the
nanocones, the deposition model predicts a non-circular tip shape, whereas a circular tip shape was
assumed as a first approximation in the analysis of the SEM images—see Fig. 3. Despite this, we can
still compare these values by first computing and plotting the radius of curvature of the nanocone apex
from the modelling of the profile. As the model [47] enables one to plot the predicted vertical nanocone
height h as a function of its base radius r, the following equation is used to calculate the curvature k of

the profile t(x):

This can be performed numerically on the t(x) data generated by the model. Once the curvature is
computed, the curvature radius . = 1/k can be plotted as a function of nanocone base variable x—see
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Figure 9. In order to make a comparison with the experimentally-derived tip radii, one can calculate the
mean of the computed tip curvature—these values are given in Table I. It is apparent from Fig. 9 that
the radii of curvature r, increases rapidly with x, therefore the mean radius of curvature is calculated in
the proximity of the tip for values of 7. less than 60 nm. In addition, the geometric mean of is employed
to reduce the effect of large values in the data range. The calculated values of 7;,.,, correspond well
with the values of circular tip radius » which were extracted from the SEM images. The measured and
predicted tip curvature agrees well with the observations of Kontio et al [6] who measured nanocones
having a 10 nm tip radius. One can also note that as the model does not predict a circular-like tip, one
can give values for the minimum radius of curvature r¥=%of a modelled cone. For the evaporation
parameters used here, the model predicts values for this <2 nm—although it must be remembered that
the model does not take into account the granularity of the deposition—which, depending on the
material, is known to be a factor determining the sharpness of a nanocone made using these means [7].
Other higher-resolution methods, e.g. transmission electron microscopy, would be needed to investigate

the true nature of the apex of the nanocones.
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Figure 9. Plots of the calculated radii of curvature obtained from the modelled nanocone profiles. The
initial mask opening is (a) and (d) 45 nm, (b) and (e) 65 nm, and (c) and (f) 85 nm. The sample is tilted
at an angle of 0.5° with respect to the evaporation source perpendicular. The sample is considered to be
rotated during the deposition—and completing at least one full revolution. The vertical deposition

parameter is taken to be unity, and the horizontal growth parameter on the mask is taken to be 0.24.

Table 1. Experimental and modelled nanocone tip radii. The experimental tip radius is obtained by
geometric fitting of the SEM images of fabricated nanocones. The value of 7,4, 1S Obtained from the

deposition modelling. =0 is the value of the radius of curvature at the tip of the modelled nanocone.

Base diameter b (nm)  Experimental tip radius r (nm) Modelled 7p,eqn (NM) Modelled 7¥=° (nm)
54.7 9.7+£1.3 8.9 15
73.9 9.1+1 9.6 1.8
94 9.6+2 9.8 21

5. Conclusions

Metallic nanocones having base diameters <100 nm can be manufactured by combining electron
beam lithography, ebeam evaporation, and lift-off. Precise dimension control of gold nanocones is
achieved using the method. Gold nanocones can be fabricated having a base diameter varying from
53.6£2.1 nm to 94.1+2.4 nm, a vertical height ranging from 71.3+4.1 nm to 153.4+3.4 nm, and an apex
radius of curvature of ranging from 8.4+1.2 nm to 11.6+1.5 nm. The results of the fabrication compare
well with the predictions of a deposition model which considers the evolving shadow masking during
the deposition of the gold to compute the nanocone profile. Being a lithographic-based process using
common resists and processing, we conclude that the process is readily integrable into a larger
micro/nanotechnological process such as micro/nanoelectromechanical systems (MEMS/NEMS)
fabrication processes. It enables the reproducible fabrication of both accurately positioned isolated

nanocones and large, dense arrays of identical nanocones—meaning that the approach can be used for
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a wide range of applications. We also note that the controlled lithographic/lift-off process demonstrated
here could—at least in principle—be applied for the fabrication of nanocones composed of other
materials. Providing that the deposition process is compatible with the overall technological process. It
is our hope that both researchers and engineers working in several areas should find the findings useful

and easily applicable.
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