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Nanostructured metal surfaces, in contrast to their corresponding bulk counterparts, have increased area,
redistributed surface potential energy and novel physicochemical properties, thus have great potentials
to be applied in a wide range of fields. In the work, different fabrication methods were employed to
produce semiconducting and polymer conic structures, to provide three-dimensional frameworks with
different surface properties, e.g. morphology, microstructure and chemical composition. Followed by
metal deposition, 3D metalized conic structures, e.g. Ag–Si, Au/Ni–Si, Au/Ti–Si and Au/Cr–Si pinecones,
were formed. The influence of factors, including the thickness and material type of the deposited metals,
the metal deposition method, and the geometry, size and material type of the conic frameworks, on the
3D surface metallization process, were investigated and the related mechanisms were discussed.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

In surface sciences, it is well-known that it is the pre-structured
surface of the substrate that has large affection on the related
physical and chemical processes taken on it. Structured surfaces
have increased area, redistributed surface potential energy and
novel physicochemical properties, therefore, have great potential
to be applied in many specific conditions [1–3]. Among various
surface structures, cone-shaped structures have many unique
properties, including large aspect ratio, small tip radius of curva-
ture, high emission current density, superior electrical/thermal
conductivity, robust mechanical strength, and good chemical sta-
bility [4,5]. It has been demonstrated that such structures have
abundant functionalities in a broad range of application fields,
e.g. near field optics [6,7], molecular detection by enhanced Raman
scattering [8], and metamaterial [9].

Therefore, different methods have been developed by research-
ers to fabricate single or large area of conic surface structures and
the related mechanisms have been proposed [10–18]. Zhang et al.
reported the fabrication of ordered Si cone arrays with controllable
morphologies and wettability by reactive ion etching system with
two-dimensional silica colloidal crystals as masks [10]. Xu et al.
reported the fabrication of self-organized vertically aligned sin-
gle-crystal Si nanostructures with controlled shape and aspect
ratio by reactive plasma etching [15]. Seo et al. reported a strategy
of combined methods by electrochemical and chemical etching,
though which precisely controlled vertical arrays of Si wires and
cones have been fabricated [11]. In addition, direct laser writing
(DLW), a technique that based on two-photon polymerization
(2PP), has been widely used for the realization of arbitrary three-
dimensional (3D) micro-/nanostructures [12–14]. However, issues
such as how to effectively metalize the structured 3D surface in a
controllable method and what the possible mechanisms would be
related are required to be addressed.

In this work, we investigated the evolution of the 3D surface
morphology during metal deposition on pre-fabricated conic struc-
ture. In particular, firstly, Si cones were fabricated in a reactive-ion
etching-inductively-coupled-plasma (RIE-ICP) system. Then thin
layers of metal were deposited to form Ag–Si, Au/Ni–Si, Au/Ti–Si
and Au/Cr–Si surface structures via vacuum evaporation. It was
found that for Si cones fabricated by RIE-ICP, the metal deposition
resulted surface metallization obeys the mechanism of island
growth; on the other hand, for FIB processed Si, diamond cones
and IP-L polymer cones, island and layer by layer mixed growth
have been observed. In more details, a completely formation of a
pinecone structure could be characterized with four stages,
namely, the initial metal atom seeding, the particle aggregation/
nucleation, the steady shadowing 3D growth and the stacking
pile-up growth. Systematic experiments were conducted to
explore the trends and mechanism on metallization of 3D surfaces.
Our results demonstrate that 3D structure fabrication followed by
thin metal film deposition is an effective method for fabrication of
metallic 3D surface structures; it potentially can be used to con-
struct 3D devices, especially for SERs [6,7,9] and biosensors [8]
due to the large surface area and possible improved surface plas-
monic properties at the 3D interfaces [9].
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Fig. 1. Scanning electron microscope (SEM) images of arrays of: (a) random Si cones; (b) ordered Si cones; (c) ordered diamond cones; and (d) IP-L cones. The scale bar is
1 lm for (a–c) and it is 10 lm for (d).

Fig. 2. SEM images of random distributed metal/Si pinecone structures with thermal evaporation of metal layers of: (a) Ag (70 nm); (b) Ni (5 nm)/Au (100 nm); (c) Ti (10 nm)/
Au (80 nm); and (d) Cr (20 nm)/Au (100 nm). The scale bar is 500 nm.
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2. Experimental

In this work, Si, diamond and IP-L cones were fabricated to
serve as the pre-patterned 3D frameworks for 3D metallic surface
structure fabrication. Silicon cones were obtained through a mask-
less etching with a reactive-ion etching-inductively-coupled-
plasma (RIE-ICP) system. The reactive gas used was a mixture of
O2 and SF6. After 7 min dry etching at �120 �C, large area of Si
cones were obtained. The addition of O2 was to form localized
micro-/nano SiO2 on the Si substrate, which could further serve
as masks for Si etching. Mechanism of such self-organization pro-
cess has been reported previously [17]. Diamond and Si cone arrays
that with designable size, shape and distribution were fabricated
through a commercially available SEM/FIB system utilizing a beam
of 30 keV singly charged Ga+ ions. During focused-ion milling, the
base pressure was 2.4 � 10�6 mbar. The system was equipped with
an advanced pattern generator (NanoBuilder), which offers flexibil-
ity for controlling the geometry, size, and distribution of patterns,
potentially could be used to fabricate micro-/nano structure in suf-
ficiently large area. For instance, to produce Si nanocones with
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density of 2.5 � 105 cm�2 in 1 mm2 area, approximately 3 h is
required. The system can hold sample with size up to 4 inches
and it can be run overnight automatically. The ion beam is at an
angle of 52� to the vertical, so the stage may be oriented with
the ion beam perpendicular to the substrate surface for normal
incident milling and SEM can be used for quality in-situ imaging.
The polymer cone structures were fabricated by a commercial
direct laser writing (DLW) system (Photonic Professional,
Nanoscribe GmbH), which is based on two-photon polymerization
(2PP) technology. In fabrication, a 780 nm femtosecond laser beam
(with pulse width �120 fs and repetition rate �80 MHz) was
focused into a negative photo-resist (IP-L, supplied by Nanoscribe
GmbH) by a high numerical aperture (NA) oil-immersion objective
(100X, NA 1.4, Zeiss).

Metal depositions were conducted by means of thermal evapo-
ration under vacuum (<10�4Pa), magnetron sputtering and elec-
tron beam evaporation with the film thickness and deposition
rate monitored with a Quartz Monitor Crystals. Ti, Ni and Cr were
deposited at a rate of 0.03 nm/s to serve as the adhesion layers,
while the main surface metal layers, Ag and Au were deposited
Fig. 3. SEM images of the as-formed Si cones (a) and those thermally evaporated with Ag
scale bar is 500 nm.
at a rate of 0.05 nm/s. Scanning electron microscopy was employed
to examine the size and surface morphology of the metalized 3D
surfaces.

3. Results and discussions

3.1. Fabrication of conic template structures

Four types of conic structures were used to investigate the
trends and mechanism of 3D surface metallization. Fig. 1 shows
the scanning electron microscope (SEM) images of typical random
Si, ordered Si, diamond and IP-L conic structures. The cones shown
in Fig. 1(a) were fabricated with a mixture of O2 and SF6

(40:18 sccm), the chamber pressure was 25 mTorr, the incident
power was 1000 W and 4 W for ICP and RIE processing, respec-
tively, and the DC bias was 44–46 V during etching. The density,
size and topography of the cones can be easily modified with tun-
ing the etching parameters such as the gas pressure, the ratio of O2/
SF6, the RIE power and the etching time. Different Si cone arrays
were fabricated to investigate the effects of the metal thickness
layer of thickness of: (b) 8 nm; (c) 15 nm; (d) 30 nm; (e) 40 nm; and (f) 70 nm. The



Fig. 4. SEM images of pinecone structures with different cone angle: (a) (20�–35�)
with cone density of about 3.25 � 108 cones/cm2; and (b) (10�–15�) with cone
density about 6.51 � 108 cones/cm2. The scale bar is 500 nm.
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and the cone geometry on the 3D surface metallization process.
Fig. 1(b) and (c) show highly orderly Si and diamond cone arrays,
which were milled by focused-ion-beam with an ion beam current
of 2.7 nA. By FIB direct writing, cones with desired shape, size
Fig. 5. Ag film thickness and Si cone angle (fabricated by RIE-ICP) dependent particle siz
cones with cone angle of 20�; (c) 40 nm Ag on Si cone with cone angle of 35�.
and inter-distance can be fabricated site-specifically in a well-
controllable way. Fig. 1(d) shows the IP-L polymer cone structure
fabricated by laser direct writing. It can be seen that the slope of
the sidewalls of conic structures etched by RIE-ICP varies with lar-
ger values on the cone top; by contrast, structures shown in
Fig. 1(b)–(d) have uniform slope and smoothness.

3.2. Fabrication of pinecone structures

First of all, different metal materials were deposited on RIE-ICP
fabricated Si cones. Fig. 2(a–d) show the side view SEM images of
the resulted Ag (70 nm)/Si, Au (100 nm)/Ni (5 nm)/Si, Au (80 nm)
/Ti (10 nm)/Si, and Au (100 nm)/Cr (20 nm)/Si pinecone structures.
The layers of Ag, Au/Ti, Au/Ni and Au/Cr were deposited by thermal
evaporation. Although there are discernable difference in the shape
and morphology, clearly, different metal materials can be used to
form pinecone-structures on Si cones fabricated through RIE-ICP
etching. It is worth noting that, although Fig. 2(a)–(d) shows that
the surface morphology of each individual pinecone structures is
not obviously dependent on the size and distribution of the Si
cones, the morphology of the final surface might be closely related
to the shape of the cone, as well as the thickness and material type
of the deposited atoms. The effects of these factors will be dis-
cussed in more details in the following sections.

3.3. Metal-layer-thickness related evolution of the 3D surface
morphology

Fig. 3(a)–(f) are the SEM images showing the morphological
evolution of the Ag/Si 3D nanostructures formed at various deposi-
tion stages corresponding to different Ag thicknesses. It can be
seen that increasing of the deposition time resulted in apparent
morphology changes. In the initial stage as shown in Fig. 3(b),
when the deposited Ag thickness is 8 nm, Ag particles with average
grain size of about 13 nm (measured from higher magnification
SEM image that not shown here) can be seen evenly deposited onto
the sidewall of the cones. Fig. 3(c) shows uniform grain growth
with increasing the thickness. Whereas, it is remarkable to note
that when the deposited metal thickness reached 30 nm, pinecone
structure gradually formed on the upper part of the cone; but in
e distribution: (a) 15 nm Ag on Si cones with cone angle of 20�; (b) 40 nm Ag on Si



Fig. 6. The schematics showing the process of surface morphology evolution on
different cone structures: (a) and (b), formation of pinecone structures surface with
poor metal wettability; and (c) formation of continuous 3D surface on cone with
good metal wettability.

Fig. 7. The influence of the cone material on 3D surface metallization: (a) IP-L; (b) FIB
thermally evaporated Cr (5 nm) and Au (70 nm). The scale bar is 500 nm.
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the lower part, small Ag particles still can be seen (Fig. 3(d)). By
increasing the Ag thickness up to 40 nm, a more complete pine-
cone-structure was obtained as shown in Fig. 3(e). Further increas-
ing the Ag thickness up to 70 nm, Ag patches were found stacked
out with clear gaps between each other and finally joint together.
Thus, the growth could be divided into four stages, namely, the ini-
tial metal atom seeding, the metal atoms aggregation/nucleation,
the steady shadowing growth and the stacking pile-up growth.
Meanwhile, in the case of using Au as the surface layer, a same
trend was observed but the pinecone structures have smaller over-
all volume compared with the Ag pinecone structures. We also
found that planar Au films on unstructured Si were denser than
Ag films when a same thickness was deposited with a same
deposition rate, possibly due to the higher surface energy of the
deposited Au atoms compared to that of Ag atoms.

In addition, it can be seen that the evaporated atoms preferred
to gather at the top end of the cones. As the deposition continued,
the flakes continued to grow with those at the upper side had the
maximized growth rate, turns the top tips to be ball-shaped.
3.4. The effects of the cone geometry

In order to elucidate the influence of the size and shape of the
conic structures on 3D surface metallization, Si cones with various
sizes and aspect ratios were fabricated followed by Ti (10 nm)/Au
(80 nm) deposition. Fig. 4(a) and (b) show the surface morphology
of cones after metal deposition, which have cone angle (h) in the
range of (20–35�) and (10–15�), respectively. It can be seen from
Fig. 4(a) that complete pinecone structures with uniform flakes
were obtained. However, for cones that with smaller cone angles
as shown in Fig. 4(b), the lower parts of the cones were sheltered
by the top parts, with balls of size comparable to the cone bases
were formed, preventing the evaporated atoms to be transported
to the lower parts.

Moreover, Ag with thicknesses of 15 nm, 30 nm and 70 nm
were deposited on RIE-ICP fabricated cones with different cone
angles. For Ag film of 30 nm and 70 nm, similar trends were
observed as those using Ti (10 nm)/Au (80 nm). For more details,
particle size distribution was derived for comparison. For irregular
particles, the size was characterized by the largest dimension.
Selected values are shown in Fig. 5. It can be seen that for the
15 nm Ag deposited conic surfaces, most of the particles were
about 10–30 nm in size and they are more uniformly distributed
when compared with those on the 40 nm Ag deposited cones.
Clearly, larger particles grew faster with increasing of the depos-
ited metal thickness, and the size distribution tended to be more
dispersed. Comparison between Fig. 5(b) and (c), one can see that
processed polycrystalline diamond and (c) FIB processed Si cones. The metals are
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larger cone angle could result in larger grain size with wider size
distribution. These observations confirm that the cone angle (can
be divided into several regions with critical values) and the film
thicknesses are main factors that affect the final morphology of
the 3D surfaces.

3.5. Mechanism of the 3D surface metallization

Growth of metal atoms on planar substrates can be classified
into three different mechanisms: (i) island growth mode, in that
the interfacial energy together with the film surface energy
exceeds the substrate surface energy, atoms have very slow diffu-
sion on the substrate and are more strongly bound to each other
than to the substrate, thus deposited atoms tend to form three
dimensional islands; (ii) layer by layer growth mode, a case that
substrate generally has highest crystalline quality, and the depos-
ited atoms are more strongly bound to substrate than to each other
with fast diffusion on the substrate; (iii) mixed growth of the for-
mer two, in this case, initially, the growth is layer by layer and then
by island to form three dimensional islands. Such behaviors have
been observed in epitaxial growth of metal films and related mech-
anisms have been proposed [19–23].

Obviously, on flat substrates, islands growth gives rise to rough
film surface. And it is not hard to imagine that on conic structured
surfaces, when the islands reach a certain size, the formation of 3D
islands could lead to a new effect – shadowing. For detailed
description, we characterized the 3D surface metallization process
with four distinct steps. Fig. 6(a) and (b) illustrate the process for
Fig. 8. The influence of the metal deposition methods on the morphology of 3D surface
electron beam evaporation of Au (30 nm)/Cr (3 nm) on FIB processed Si cones. The scale
3D surfaces that have poor/anisotropy metal wettabilities. In the
initial stage, the deposited atoms are landed uniformly on the sub-
strate (step (i)). These atoms then tend to coalesce into individual
isolated islands (step (ii)) to minimize the surface free energy, as
can be evident from the clearly seen particles in Fig. 3(b) when a
nominal film thickness of 8 nm was deposited. As the deposition
continues, the growth turns to step (iii) with islands grow in all
three dimensions but preferred vertically. Thus, the isolated parti-
cles start to coalesce with atoms pile up one on top of the other.
Consequently, the fast vertical growth results in blocking of the
forthcoming atoms from landing on the areas beneath. Since the
forthcoming atoms tend to adhere to the topsides of the metal
islands, nano protuberances were formed to cause shadowing
effect, a phenomenon that is absent in planar film growth. Finally,
with increasing the evaporation time, metal atoms piled up to form
compound structures resemble a pinecone as shown in Fig. 3. With
deposition further continues, the upper parts of each pinecone
flakes enlarged and quasi-continuous metal surface are obtained
as shown in step (iv) in Fig. 6(a). For cones with smaller conic
angles as shown in Fig. 6(b), the shadowing effect is more signifi-
cant and the efficient surface area for receiving the evaporated
atoms could be greatly reduced by the top part of the cone.

However, for cones with good/isotropic surface wettability, and
small conic angles as shown in Fig. 6(c), the surface morphology
evolution might be different from those presented in Fig. 6(a)
and (b), but similar to that of a planar surface. To verify such
assumption, FIB processed diamond cones and polymer IP-L cones
were used as the 3D frameworks. As shown in Fig. 7, different from
metallization: (a) magnetron sputtered 30 nm Au on RIE-ICP etched Si cones; (b–d)
bar is 500 nm for (a), 2 lm for (b), 1 lm for (c) and (d).
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those on Si cones processed by RIE-ICP, grainy surface rather than
pinecone structures was found and there is no obvious different in
the morphology between the substrate and the sidewall of the
cones, even when the thickness of the deposited films reached
75 nm. This may attribute to the amorphous nature of the utter-
most surface layers of such cones, with which the deposited metal
atoms were evenly absorbed without cluster gathering at the ini-
tial stage, therefore, shadowing effect is greatly reduced. These
results clearly suggest that the geometry/microstructure of the
supporting substrate, as well as the material type (alternatively,
the surface energy of the supporting surface), are factors that
determine the growth behavior of deposited atoms on 3D surfaces.

It is well-known that during metal deposition, when metal
atom strikes the surface, it loses its energy and condenses on the
surface. Upon the condensation, the atoms have some mobility
on the surface depends on the surface energy, which are defined
by their kinetic energy and the strength and types of interactions
between the atoms, the clusters of atoms and the substrate surface.
In general, materials with lower surface energy tend to stick less to
other materials and reduced surface energy will lead to a weaker
bond between these two phases, thus the deposited atoms are sus-
ceptible to form isolated islands. The FIB etched Si and diamond
cones have been reported to have an amorphous layer with thick-
ness of a few tens of nm due to Ga+ bombardment. According to the
Frank–van der Merwe growth mechanism, atoms on such amor-
phous surface are intended to be trapped in each particular site
and less keen to form isolated islands. In that, the shadowing effect
could be completely excluded in the surface metallization, leading
to formation of uniformly covered 3D surface. So is for the IP-L
polymer cones. In addition, compared to Si cones formed by FIB,
RIE-ICP etched cones have rougher sidewalls with possibly larger
amount of tiny steps and kinks, and there is deviation of the side-
wall slopes, which may provide more preferred sites for atom
nucleation.

For comparison, Si cones were fabricated by FIB and Cr (5 nm)/
Au (70 nm) were deposited on the surface by thermal evaporation,
Fig. 7(c) shows the corresponding surface morphology. Different
from those on RIE-ICP fabricated Si cones, continuous cone surface
was formed. This is because FIB processing usually introduces
additional Ga+ into the irradiated material and causes amorpholi-
zation of the surface layer; while RIE and ICP with Ar plasma are
widely used to remove the surface contamination/damages
aroused during FIB processing. In that, the surface properties,
including the morphology, micro-structure and chemical composi-
tion of FIB and RIE-ICP processed cones are different. In addition,
the metallization behavior may also be affected by other condi-
tions such as the choice of metal deposition method. For this
purpose, Au was deposited by magnetron sputtering and electron
beam evaporation. Fig. 8(a)–(d) shows the corresponding results
that no pinecone was observed. Compared with thermal evapora-
tion, magnetron sputtering and electron beam evaporation could
provide released atoms with more energy, thus the growth behav-
ior is more resemble the Stranski–Krastanov mode. These results
further indicate that changes in the surface energy, either by the
properties of the conic surface, or the deposition method, can lead
to distinct metalized surface morphologies.

4. Conclusion

To sum up, we investigated the 3D metallization process and
mechanism on various conic surfaces. In particular, the influence
of the material type, the thickness and the deposition method of
the surface metal layer, and the material, the shape and fabrication
method of the supporting 3D surfaces, on the metallization process
and 3D morphology evolution, were examined in details. Particles/
islands initiation, particles/islands expansion, pinecone structure
realization and coalescent of continuous 3D surface structure were
proposed to describe the metallization process. We found that lar-
ger particles grew faster with increasing of the deposited metal
thickness, thus lead to more obvious shadowing effect, which is
the mechanism that responsible for the pinecone formation. Also,
larger cone angle could result in larger grain size with wider size
distribution. These observations confirm that for a particular metal
deposition method, the geometry and the surface properties of the
3D framework as well as the film thicknesses are main factors that
affect the final morphology of the metalized 3D surfaces. Although
more in-depth experiment is required to characterize the surface
energy, chemical composition and micro-structures on the effec-
tive contact area, the density of the deposited atoms and the metal
crystalline orientation of the formed material system, nevertheless,
we can change Si to other materials, and the cone-structured
surface can be replaced by other geometries, together with proper
deposition materials chosen, this pinecone-like structures may
have potential applications in optics [24] and biochemistry [25].
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