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Abstract

The fabrication of nanotips has been driven by the increasing industrial demands in developing high-
performance multifunctional nanodevices. In this work, we proposed a controlled, rapid as well as
low cost nanomolding-necking technology to fabricate gold nanotips arrays. The geometries of gold
nanotips having cone angle range of ~28-77° and curvature radii of <5 nm can be prepared by
tailoring the diameters of raw nanorods in nanomolding process or modulating the necking
temperature. Molecular dynamics simulation reveals that the formation of the nanotip geometry is
determined by the interplay between dislocation-based and diffusion-based deformation mechanisms,
intrinsically arising from the nonlinear dependence of atom diffusion on temperature and sample size.
The good controllability, mass production and low cost of the developed nanomolding-necking
technology make it highly promising in developing nanodevices for a wide range of applications,

such as probing, sensing, antireflection coating and nanoindentation.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Metal nanomaterials can be divided into zero-, one-, or two-
dimensional (0, 1, 2D) structures. 1D nanostructures, consisting
of rods, wires, tips, ribbons, and pores, possess fantastic prop-
erties benefiting from their quite unique structures, which make
them promising for a large number of applications, such as
electronic circuits, nanostencil lithography, reinforcement phase
of composites, biological and chemical sensors [1]. For exam-
ple, Deng et al recently developed controllable methods of wet
etching to fabricate nanopore arrays with tunable shapes for
nanostencil lithography [2, 3]. Nanotip, as one of the most
intriguing members of 1D nanostructures, has been widely used
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in cold cathode field emission [4], scanning probe microscopy
[5], antireflection coating [6] and nanoindentation [7]. To this
end, considerable efforts have been made in developing nanotip
fabrication technologies, which can be divided into top-down
and bottom-up strategies [8], such as etching techniques [2, 3],
electron deposition [9], laser ablation [10], physical vapor
deposition [11], chemical vapor deposition [12], electron
cyclotron resonance plasma process [13] etc. However, these
methods are usually limited for mass production by their poor-
controllability, complex processes or high cost. Therefore, a
controlled, rapid, and low-cost nanotips fabrication technology
is still highly desirable.

Necking, in engineering or materials science, refers to a
tensile deformation mode of ductile materials where relatively
large amounts of strain localize in a small region [14]. As a

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a)—(d) Schematic illustration of nanomolding-necking technology. (e) Typical SEM images of gold nanotips arrays. These nanotips
were obtained by necking 260 nm diameter gold nanorod array at 300 K. (f) Magnified SEM image of the selected area in (e).

common deformation and failure of material, necking has
been widely used in the deformation control of rigid plastics
[15, 16], large deformation of polypropylene [17-20], fabri-
cation of glass wire or tube [21] and metallic glasses [22, 23],
and preparation of high quality semiconductor metals [24].
However, the necking phenomenon has been rarely used in
nanofabrication considering the challenging of manipulating
small-scale specimens. Recently we demonstrate a low-cost
fabrication technology of nanorods arrays, named as super-
plastic nanomolding (SPNM), which can fabricate nanorods
arrays through either dislocation slip or atom diffusion
mechanisms [25-27]. The advantage of this SPNM technol-
ogy is that nanorods arrays with varying diameters can be
fabricated with excellent controllability.

Combing the fabrication of nanorods arrays by SPNM
and the subsequently shaping nanorods into nanotips by
necking deformation, this work proposes a new strategy to
fabricate gold nanotips arrays. It is found experimentally that
lower-temperature necking of nanorods with larger diameters
facilitates the formation of sharper nanotips. The effects of
sample size and necking temperature were systematically
investigated by molecular dynamics (MD) simulations, which
accords with the experiments and reveals that the nanotips
geometries are determined by the competition between dis-
location-based and diffusion-based deformations.

2. Materials and methods

2.1. Fabrication of nanorods arrays by SPNM

The fabrication of gold nanotips arrays consists of two steps,
SPNM of nanorods arrays and necking of the nanorods into
nanotips, as illustrated in figures 1(a)—(d). In the first step, stain-
less steel thin plate, ultra-thin anodic aluminum oxide template

(AAO template, produced by Shenzhen Topological Seminal
Membrane Technology Company) and gold plate (purity of
99.999%, purchased from Hezheng New Material Company)
were stacked as sandwich structures (figure 1(a)). The sandwich
sample was put between two parallel plates of a universal testing
machine, which was equipped with a home-built heater. When the
sample was heated to a typical target temperature of 800 K, the
metal/mold combination was compressed at a loading rate of
0.5mmmin " (corresponding to a strain rate of 8 x 10 >s™ ")
until 500 MPa, and then held for 600 s. The gold will fill into the
AAO nanoholes through diffusion dominated creep deformation
[25]. After fully filled into the AAO template, the gold nanorods
will continuously grow to contact the stainless steel thin plate, and
finally bond with the stainless steel through atom diffusion
(figure 1(b)). Thus, gold nanorods arrays with two ends fixed onto
gold and stainless steel substrate, respectively, were obtained.

AAO templates with the same diameter (~10 mm) but dif-
ferent through-holes having diameters of about 25 nm, 90 nm,
260 nm, and heights of 120 nm, 400 nm, 1200 nm, respectively,
were used in the experiments. Therefore, the thickness of AAO
template equals to the height of through-holes therein. In our
experiments, the effective nanomolding region is about 3 mm in
diameter, in which the pulling-off force is about 80N (figure S1).
The necking region is determined by the molded region. In
principle, the gold nanotips could be uniform over large area
(figure S2 is available online at stacks.iop.org/NANO/31/
144001 /mmedia). Because the fixing condition is very important
in the fabricating of high-quality nanotips. Herein, we built a
structure to clamp the stainless steel plate (with size much larger
than the molded region), the induced in-plane stretching stress
can thus help to reduce the out-of-plane deformation of the
stainless steel plate (figure S3). In this structure, the top end of the
gold rod is clamped and fixed, the stacked AAO and stainless
steel plate are fixed between an orifice plate and a solid plate by
using bolts (figure S3(b)).
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2.2. Fabrication of nanotips by necking of the gold nanorods
arrays

In the second step, the fabricated gold nanorods arrays were
cooled down to various of temperatures, and subsequently the
as-formed sandwich structure was stretched along the axial
direction of the nanorods by oppositely pulling the gold and
stainless steel substrate. The loading rate was 0.5 mm min '
(strain rate of 8 x 107 s~ "). As the loading force increasing, the
nanorods arrays were firstly elastically stretched, then plastically
deformed and finally necked to break, which formed gold
nanotips arrays (figure 1(c)). The produced structure was then
immersed in a KOH solution (with concentration of 3 moll~!
and temperature of 300 K) for 2 h to remove the AAO template,
the gold nanotips arrays attached on the surface of the gold and
stainless steel substrates were obtained (figure 1(d)).

2.3. Measurement of nanotips geometries

To accurately characterize the geometries of the prepared gold
nanotips, two generatrixes of the circular truncated cone were
extended to intersect in a single point, and the angle between
these lines is defined as the cone angle of a nanotip. Speci-
fically, we use a field emission scanning electron microscopy
(SEM, Zeiss Sigma 500) to measure the cone angle of the
nanotips. The prepared sample was placed onto the sample
stage of the SEM. The sample stage was tilted by 60° to get a
good view of the nanotips. Since the gold nanotips are
perpendicular to the gold substrate and hence the sample
stage, the angle between the electron beam and the nanotips
will be also 60°. Therefore, the actual cone angle of a nanotip
() can be calculated based on the observed cone angle () by
the geometric conversion [26, 28]

/2 tanl[gtanﬁ/Z]. (1)

2.4. MD simulation

MD simulations were carried out using large-scale atomic/
molecular massively parallel simulator computational package
[29]. The optimized embedded atom method potential is adopted
for its high fidelity and robustness [30]. The Newton equations of
motion are integrated using the Verlet algorithm with a time step
of 1 fs. Circular-cross-section gold nanorods were created out of
an ideal centered cubic crystal with cross-section orientations of
[100]. All the samples are modeled with length of 50 nm but
varying diameters from 6 to 10 nm. Before the tensile deforma-
tion protocol, the prepared samples were first fully relaxed to an
equilibrium configuration using a conjugated-gradient algorithm
and then thermally equilibrated to target temperatures (300 and
800K) for 100ps using a Nosé—Hoover thermostat with a
characteristic relaxation time of 0.1 ps. Afterwards, the uniaxial
tensile strain with a strain rate of 3 x 10" s~' was applied by
deforming the periodic simulation box along axial direction until
failure of structures. Finally, the formed nanotips were equili-
brated at the target temperatures for 100ps to track their
morphology evolution.

3. Results and discussion

3.1. Characterization of the prepared gold nanotips by
nanomolding-necking technology

Figures 1(e), (f) show a typical morphology of the prepared
gold nanotips arrays characterized by SEM. A gold rod with
diameter of 3 mm and height of 1 cm was stacked between a
10 mm diameter AAO template, which has nanoholes with
diameter of 260 nm and height of 1200 nm, and a stainless
steel plate with thickness of 50 pm. The processing conditions
for nanomolding and necking are described in the materials
and methods section. Because of the constraints between
nanorods and AAO template during the stretching process,
the necking region of nanorods usually occurs near the roots
of the nanorods. Thus the average height of the nanotips
arrays is equal to the thickness of AAO template and generally
uniform. The necking randomly occurs nearing the roots of
nanorods, which can be attributed to the stress concentration at
the roots for the nucleation of necking. It should be noted that
the shapes of gold nanotips on both the stainless steel substrate
and gold substrate are observed similar (figure S4). Addition-
ally, high-aspect-ratio tips called ‘rocket tips’ [31] can be
prepared by simply using AAO templates with high-aspect-
ratio nanopores in our method. The uniformity of the prepared
gold nanotips arrays on a large scale (figure 1(e)) indicates the
high efficiency and mass production of our method. Especially,
by zooming-in the nanotips (figure 1(f)), it is amazing to find
that the curvature radii of the nanotips were smaller than 5 nm.
Such a sharp tip is highly desirable for the applications in
tip-enhanced sensors as well as high-resolution imaging in
scanning probe microscopy.

3.2. Modulating the geometries of nanotips by necking
nanorods with different diameters

The properties of nanorods are highly related to their specific
surface area [32]. To investigate the surface effect on the
nanotips geometries, we used 10 mm diameter AAO tem-
plates having through-holes with diameters of 25 nm, 90 nm,
260 nm, and heights of 120 nm, 400 nm, 1200 nm, respec-
tively, from which nanorods with different diameters were
prepared by SPNM. After necking the nanorods arrays at
300 K (see materials and methods section for details), gold
nanotips arrays with different geometries were prepared
(figures 2(a)—(c)), where the cone angles of the nanotips were
measured and calculated by using equation (1) as 62°, 53° and
34° for the nanorods with diameter of 22, 86 and 260 nm,
respectively. By measuring at least 10 nanotips for each size,
the averaged parameters of nanotip geometries were obtained.
It is clear that as the diameters of nanorods increased from
25 £3nm, 90 £ 5Snm to 268 £ 28 nm, the cone angle
decreases from 62 + 7°, 50 4+ 3° to 31 + 5°, respectively.
We can herein conclude that the larger nanorod diameter will
result in the sharper nanotips. By further comparing the
morphologies of the nanotips fabricated from nanorods with
varying diameters, we observed that the length of necking
zone increases with the increasing of diameter of nanorods
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Figure 2. SEM images of the fabricated nanotips having diameters of (a) 22 nm, (b) 86 nm, and (c) 260 nm. (d) The relationship between the

cone angles and the diameters of nanorods.

(figures 2(a)—(c)). However, it is noted that the curvature radii
of the nanotips are almost insensitive to the diameters of the
nanorods under these conditions, which are less than 5 nm for
all the samples (figures 2(a)—(c)).

3.3. Modulating the geometries of nanotips by controlling the
necking temperatures

To investigate the temperature effect on the geometries of
gold nanotips, the necking of gold nanorods arrays was car-
ried out at different temperatures. To avoid the coupling with
the effect of nanorod size as investigated above, the AAO
template with the same diameter of 260 nm was used, while
three necking temperatures (300, 500 and 800 K) were cho-
sen. The fabricated nanotips are shown in figures 3(a)—(c).
Again, we measured and calculated the cone angles of the
nanotips and the results are summarized in figure 3(d). We
observed that the lower necking temperature leads to the
sharper nanotips. Specifically, the cone angles of nanotips
prepared at 300 K, 500 K, and 800 K are 28 + 5°, 62 & 7° to
77 + 5°, respectively (figure 3(d)), indicating the wide tun-
ability of nanotip geometries by modulating necking
temperature.

3.4. Mechanism discussions

To understand the underlying mechanism of the observed
influence of nanorod diameters and necking temperatures on
the sharpness of nanotips, MD simulations of nanorods with
different diameters stretched at varying temperatures were
conducted (see materials and methods section for details). The

results are summarized in figure 4. It can be found that the
nanorods experience clearly necking process and thus develop
into atom-thick nanotips. The geometries of gold nanorods
with larger diameter evaluated more gently in wide regions
and thus formed sharper nanotips. Meanwhile, the tips
become blunt with the increasing of processing temperature.
This evolution trend of nanotips modulated by sample size
and processing temperature agrees well with our experimental
observation, which can be explained by the interplay between
dislocation and atom diffusion-based deformations. The dis-
location-dominated deformation in the necking (strain loca-
lization) process is critical to create atomic steps and thus
form sharp nanotips, while the diffusion helps to smooth out
atomic steps in the tip surface and thus reduce the sharpness
of nanotips. The diffusion coefficient for the atom diffusion
can be given as

D o ve AE/KeT (2)

where v and AE are the vibrational frequency of atoms and
the potential energy barrier to diffusion, respectively, T is
temperature, and kg is the Boltzmann constant. As shown in
figure 4, the potential energy of surface atoms is generally
higher than that of bulk atoms, indicating their high activity
(low AE) that leads to fast atom diffusion (high D). The
specific area in nanorods with smaller diameters is larger,
making the diffusion-based deformation mode arises and
thus blunting the tips. Similarly, the increasing of proces-
sing temperature (high kg7) will also induce fast atom
diffusion (high D) and thus blunt the tips. In general, as the
nanorods have small diameters or are processed at high
temperature, the gold atoms at the surface, especially at the
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Figure 3. SEM images of nanotips obtained by necking 260 nm diameter nanorods at temperatures of (a) 300 K, (b) 500 K and (c) 800 K.
(d) The relationship between the cone angle and the processing temperature.
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Figure 4. Snapshots of the nanorods having varying diameters (6 and 10 nm) stretched at different temperatures (300 and 800 K) before
breaking and after breaking with equilibrium time of 100 ps. Atoms are colored by their values of potential energy.

top surface of nanotips diffuse easily towards the base of
nanotips to minimize the system energy, and thus form
nanotips with large cone angles. Otherwise, as the dis-
location-based deformation dominates the formation of
nanotip geometries, the continuous dislocation slip is apt to
render the sharp tips (figure 4).

As discussed previously, the curvature radii of nanotips can
be affected by the necking temperature and the specific area of
samples. In addition, the uniformity of the prepared nanotips
arrays highly affects its wide applications. To solve this problem,
ordered AAO templates with good uniformity should be used for
fabricating uniform nanorods. Fortunately, there are some
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literatures reporting the preparation of uniform AAO templates
by adding a pre-stamping process [33, 34]. In addition to
improving the uniformity of nanorods, the necking of nanorods
also influences the top shape and height of each nanotip, which
closely relates to the necking temperature and defects of nanor-
ods. Although elevating the necking temperature can improve the
uniformity, the curvature of the top shape becomes larger
because of the fast atom diffusion. Thus to improve the uni-
formity of nanotips, future efforts should be directed, but not
limited, at fabricating defect-controlled nanorods and necking the
nanorods under proper processing conditions.

Additionally, we remark here that there are some limits on
MD simulations. The strain rate (3 x 107571) in the simulations
is much higher than that used in experiments (8 x 107> s "),
The high strain rate is expected to reduce the time for atom
diffusion in the necking and thus helps to form sharper nanotips,
which results in some discrepancies between the MD simula-
tions and the experiments. For example, the cone angle of 10 nm
diameter nanotips observed in simulation is 30° (necking at
300K, figure 4), while the cone angle of 22nm diameter
nanotips prepared at 300 K from experiments is much larger
(62°, figure 2(a)). Despite these discrepancies, the MD simula-
tions captured the evolution trend of nanotip morphologies that
are modulated by the effects of surface and temperature on atom
diffusion, which agrees well with the experimental observations.

4. Conclusion

In summary, based on the developed nanomolding-necking
technology, gold nanotips with controlled cone angles (from
28° to 77°) and extremely small curvature radii (<5 nm) were
fabricated. It is found that the nanorod diameter and the
necking temperature play important roles in the shaping of
nanotips. By using MD simulations, the underlying mech-
anism is revealed as the competition between atom diffusion
and dislocation based deformation mechanisms. These find-
ings not only pave a way to study the deformation mechanism
in metal nanorods, but also provide a practical technology for
the mass fabrication of metal nanotips with strong controll-
ability, easy scalability as well as low cost.
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