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Sub-micron sized metal particles were formed through the annealing of sputtered metal thin films on
silicon nanowires (SiNWs). During high-temperature annealing, the cylindrical SINW structures induce
the solid-state dewetting behavior to consistently move up the SiNW sides and form partial-spherical
particles with uniform sizes on the nanowire tops. By adjusting the size parameters of the SiNW
substrate and the metal thin film, the particles can be adjusted in size and layout along an array. This
contrasts with the random dewetted particles seen on planar surfaces, and known movement towards
pitted nanostructures. Ag, Au, Cu, and Ni have shown equivalent particle formation behavior and some
alloying is also shown to be possible. These results open a path for a well-controlled and consistent
method of metal particle formation at the nano to micro-scale and offer some insight on metal particle
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Introduction

Metal particles engineered at the nanoscale have a great
number of uses and have been researched intensively for
many years. It is not difficult to make metal particles, but the
control and consistency of the particles is often a challenging
aspect, and many bottom-up and top-down procedures exist
for forming nanoparticles which result in a broad range of
sizes.'”® Where progress has been made in achieving constant
shape and size of particles, they are often either colloidal or
randomly located on a surface.®” This is not suitable for
device applications which work best with finely controlled
particle orientation and their combination with nano-
architecture substrates.®™*

For the purpose of controlling metal particles on a substrate
surface, there has been a swell of interest in metal thin film
dewetting and particle migration behavior.”*™* It is known that
solid-state dewetting of metal thin films occurs at tempera-
tures much lower than the metal's bulk melting temperature,
which depends greatly on the metal thin film thickness.'® At
high temperature, metal thin films will quickly dewet from
passive surfaces and contract in order to reduce the film's
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dewetting mechanisms. Suggested applications for the resulting

regular particle grids include

surface energy, exposing the underlying surface." If the thin
film is sufficiently thin and annealed long enough, the film
may cross the percolation threshold to form isolated island
particles.” These particles will sometimes migrate randomly
on the surface and merge with other particles, resulting in
randomly sized and placed particles on a flat surface.'*®
However, if the surface has been shaped, the dewetting and
migration of the metal can be altered according to the effect
that the substrate has on the surface energy of the particle.”**
These effects can be used for engineering the formation and
placement of metal particles on the target surface for appli-
cation. For instance, the nano-pit method of fabrication relies
on the dewetting tendency to move away from convex surfaces
and towards concave surfaces which cradle the particles.?***
Uniform particle grids have already been produced in this way
but this technique limits the substrate to shallow pits which
can be easily disrupted by different deposition thicknesses.
Detailing of alternate solid-state dewetting tendencies is
needed for expanding the field and for the inclusion of other
substrate structures.

Through our group's work with silicon nanowires
(SiNWs),>%7 it was observed that metal thin films will easily
form particles on the top of cylindrical nanowires. This was
suspected to be due to the SINW surface geometry's effect on
the metal thin film surface energy. It was hypothesized that
adjusting the SINW parameters would lead to a high degree of
control over the formation of metal particles on the nanowire
tops. Though metal particles on nanowire structures are
commonly grown in the reverse process,”®** by depositing
particles on a flat surface and then etching or growing the
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nanowires underneath, control and consistency of the
particle/nanowire placement and size is difficult and the type
of metal particle is limited by the growth or etching reactions.
In contrast, the particle grown from SiNW technique seen here
is unique in its solid-state dewetting process, its resulting
quality, and its capability to use many metals. We sought to
better understand this process and conducted an examination
of the conditions at which different metals will form particles
on top of SiNWs. The resultant particles were then character-
ized for their structural properties.

Experimental

SiNWs were prepared by a regular nanoimprint lithography
method.**** UV photoresist was spin-coated onto n-Si(100)
wafers and imprinted by a quartz mold to form a nanohole
array. The imprinted resist is used to deposit MgO disks by an
electron-gun evaporator onto the Si. Bosch process plasma
etching (cycling of 35 sccm SFg and C,Fg gases in a Sumitomo
Silicon Deep RIE machine) vertically removes Si around the
disks to form SiNWs. These SiNWs are cylindrically shaped,
have straight-edged sides, flat tops, and are surrounded by a flat
but roughened base substrate. The diameter and spacing of the
SiNWs are controlled by the quartz mold and were ordinarily
200 nm in diameter and spaced 500 nm or 600 nm apart in this
experiment. The SiNW length is controlled by the plasma
etching parameters where 3.5 min etching resulted in SiINWs
500 nm long.

Many metals will react with silicon at high temperature, so
a passivating layer was used to separate the metal from the Si
substrate. For this purpose, a thin layer of SiO, was added by
thermal oxidation of the sample at 975 °C. The oxidized
substrates were cleaned and Ag thin films were deposited onto
the substrate by sputtering while rotating the sample. A typical
film thickness equivalent to 200 nm when deposited on a planar
perpendicular surface (and therefore denoted as 200 nMyjanar in
this report) was deposited onto the SiNWs. The actual thickness
of the thin film differs on the different parts of the SiNW
substrate surface. To test the process for other metals and
alloys, other samples were deposited with Ni, Au, and Cu
instead of, or in combination with, Ag.

The samples were then annealed in a hot-walled quartz tube
furnace in an inert atmosphere of 50 sccm Argon at 300 torr at
various temperatures and times as explained in the results
section. A magnetic transfer rod was used to quickly move the
samples between the hot zone and cool zones of the furnace to
precisely control the annealing time.

After cooling, the samples were mechanically severed and
the cross-sections were characterized by scanning electron
microscopy (SEM) to observe their structure and the chem-
ical compositions were recorded by an attached energy-
dispersive X-ray spectrometer (EDS). The horizontal
particle diameter of some samples was determined by image
analysis software for >140 particles. Crystallographic data
was gathered using a PANalytical X'Pert thin film X-ray
diffractometer (XRD) using Cu Ko radiation and a 5°
grazing incidence angle.
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Results & discussion
Dewetting behavior on nanowires

Ag thin films on planar surfaces were annealed as controls to
illustrate the dewetting process. When metal is deposited as
a continuous flat thin film on a planar surface and then
annealed, such as Fig. 1(a), the metal dewets if favorable
conditions are met. These conditions include a sufficiently thin
film, low metal-substrate surface energy, high enough anneal-
ing temperature, and time.'®* Many metals have weak interac-
tions with SiO, which leads to strong dewetting behavior.*” In
the beginning, when the thin film is heated and the mobility of
atoms increases, grain growth occurs and grain boundaries
facilitate the nucleation of holes in the film.** The location of
these holes on the film is randomly distributed over the surface.
The size of the holes increases and separates the film into
sections which contract towards their centers until a stable
rounded structure is formed, as illustrated in Fig. 1(d). Thick
films may reach equilibrium when still an interconnected,
percolated structure as in Fig. 1(b). With suitably thin films and
long enough annealing time, the structure will cross the
percolation threshold and separate to form spheroid islands
such as in Fig. 1(c).

In this experiment, the cylindrical SiNWs on a flat floor as
seen in Fig. 1(e) were used to guide the dewetting process. When
the 200 nmy,jnar Ag metal is sputtered onto the sample while
rotated it takes on the shape seen in Fig. 1(f). Due to the nature
of the sputtering, the deposition is thicker on top and thinner
on the sides of the SINW. The thickness decreases slightly going
down the length of the SINW and is thinnest near the base but is
continuous over the entire SINW sample. These results appear
to be important for initiating dewetting. As the thin film on the
sides is thinner, they will dewet quicker than the films on the
floor and tops of the SiNWs. The thinnest section near the base
facilitates hole nucleation and pinches off the film from the
floor. Despite being above the percolation threshold for the
equivalent planar film, the film on the SINW becomes isolated
and is similar in mass to the films isolated on the other SINWs.
Once isolated, the metal will migrate upwards to the top as
imaged in Fig. 1(g) and illustrated in Fig. 1(h). This upward
movement is thought to be a combination of symmetrical
contraction towards the thicker and less mobile mass of metal
on the top of the SINW, and a tendency to move away from the
curved surface and corners of the SINW sides. Once the particle
has formed on top of the SiNW, the corners will keep the
particle pinned to the SINW top instead of migrating back
down. After cooling, the particles become strongly attached to
the SiNWs. The effect of gravity is negligible as the same results
occur whether the SiNWs point either upwards or downwards
during annealing (Fig. S11). With the proper conditions, this
effect should produce particles on nearly every SINW over the
entire sample area. Meanwhile, the material on the floor
between the NWs will remain as a thin film if the temperature is
below the dewetting point for its particular thickness.

XRD data obtained from the Ag surface (both the particles
and underlying Ag) of an annealed sample is shown in Fig. 2(b).

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Dewetting behavior on planar and SiNW surfaces. (a) 200 nm sputtered Ag film on planar SiO, surface (b) 200 nm Ag film after annealing at
800 °C showing hole nucleation leading to dewetting. (c) 65 nm Ag film after annealing at the same conditions and dewetting into islands (d)
illustration of metal dewetting process on planar surface. Grain boundaries leads to hole nucleation and then isolation into regions that contract
into dewetted particles (e) nanoimprint SINW and oxide film. (f) 200 nmganar Ag sputtered onto SINW, showing profile of continuous sputtered
thin film. (g) The same sample after 15 second anneal at 800 °C, showing progression of the dewetting process. (h) Illustration of metal dewetting
behavior initiating at the thin part of the film at the SiINW sides. The film on the SiINW then migrates up towards the center of mass to form

a particle on top.
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Fig.2 (a) Wide view SEM image of consistent Ag particle formation on
NWs over a wide area. (b) XRD spectrum of the surface of the same
sample showing Ag crystal peaks before and after annealing.

A multi-crystalline Ag crystal structure can be seen both before
and after annealing with similar peak ratios. More intense and
narrow peaks can be seen after annealing due to the increase in
crystal grain size compared to the sputtered structure. The
annealing also causes only a very slight rightward shift probably
due to a small change in residual stress.**

This journal is © The Royal Society of Chemistry 2020

One important attribute of the sputtering deposition is the
continuous coating that is formed. Because the direction of
incoming metal is at an angle in a typical sputtering machine,
the sample is rotated. If the deposition angle is held at
a single direction as in Fig. 3(a) or perpendicular to the
sample (Fig. S2t), then the thin film will appear with pores in
the film on the side of the SINW. When annealing, dewetting
will initiate at these pores and will lead to small particles on
the SINW sides which will not migrate upward, seen in
Fig. 3(b).

Effects of different conditions on dewetting behavior

For application, it is desirable that the dimensions of the metal
particles can be controlled and adjusted through the experi-
mental setup. For this purpose, samples annealed at different
temperatures, deposition thicknesses, and SiNW dimensions
were investigated for the effects on the particle results.

To initiate dewetting at a certain thin film thickness,
a sufficiently high temperature is needed which corresponds
with that thickness. The association between thin film
thickness and dewetting temperature for various metals on
flat surfaces can be found in other reports.***° In the nanowire
substrate case, at a temperature slightly below dewetting
temperature, grain growth and some hole nucleation may
occur but the metal will not form particles, as seen in Fig. 3(c).
At temperatures much higher than the dewetting temperature
of the entire metal film, the entire film experiences strong
dewetting. This will cause hole nucleation between SiNWs
and more metal to migrate off the SiINWs, leading to small

Nanoscale Adv., 2020, 2, 5607-5614 | 5609
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Thin deposition Thick deposition

Fig. 3 SEM images of samples with alternate unsuccessful conditions
(a) Ag sputtered on SINWSs at a sustained angle, with a discontinuous
film on the SiNW sides. (b) Same sample after annealing. Minor parti-
cles remain on the SINW side walls. (c) 200 nmMyanar Of Ag on SINWs
annealed at 700 °C for 2.5 min, dewetting is minimal and incomplete.
(d) 200 NMyianar Of Ag on SINWSs annealed at 900 °C for 2.5 min, leading
to smaller particles, and some substrate damage. (e) 50 NMganar Ag ON
500 nm long SiNWs annealed, resulting in particles dewetting on the
floor and SiNW sides. (f) 300 nMpnar Ag on 500 nm long SiINWs
annealed, resulting in random particle sizes. (g) lllustration of the effect
a change in deposition thickness has on the distance between the top
of the SINW and the top of the thin film on the floor.

irregular particles as seen in Fig. 3(d). Overly high tempera-
tures also make it more likely for large particles to touch and
merge on the SiNWs or to damage the underlying substrate
(Fig. S31). Consequently, it appears that an annealing
temperature above the dewetting temperature of the film on
the SINW sides but below the dewetting temperature of the
film on the SiNW top should be used as this will cause the film
to consistently dewet off the sides and into stationary parti-
cles on top. This temperature will depend on the type of metal
and the film thickness found on the different sections of the
nanowire. For this experiment, 200 NMyjanar of Ag could form
proper particles when annealed at 800 °C for 30 seconds or
more. Lower temperatures can potentially be used with longer
annealing times.

Adjusting the metal deposition thickness had a complex
effect on the particle quality. On a planar surface, a thicker film
will simply increase the necessary dewetting temperature and
form either larger particles or percolated films compared to

5610 | Nanoscale Adv, 2020, 2, 5607-5614
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thinner films. On the SINW surface, changing the deposition
thickness has the added effect of changing the distance from
the top of the film on the floor to the top of the SINW, illus-
trated in Fig. 3(g). This will change the pinch-off point and
therefore the amount of material that will migrate up the
SiNWs. At low deposition thicknesses, the deposited film may
not be continuous and particles will form on the SINW walls
while the film on the floor dewets into particles as well, such as
the 50 nMppnar thick film in Fig. 3(e). At high deposition
thicknesses relative to the SINW height, the film on the floor
approaches the SINW tops and the resulting particles will be
small and more random such as the 300 nmyjapar thick film in
Fig. 3(f). As a result, finding the right deposition thickness
relative to the nanowire dimensions is necessary for well-
formed particles.

Metal particles could be successfully formed on a variety of
sizes of SINWSs. To test the effect of SINW height, 200 nmyjanar
Ag was deposited on samples with three different SINW heights
and annealed at the same conditions. The nanowire height was
adjusted by using different plasma etching times in the nano-
imprint lithography process. Increasing the height of the SINW
while keeping the deposition thickness constant was seen to
increase the amount of metal that will travel upward and
therefore the size of the particle. Arbitrary heights of 540 nm,
650 nm, and 810 nm caused an increase of the average hori-
zontal particle diameters of 315 nm, 400 nm, and 425 nm
respectively which can be seen in the SEM images and particle
size distributions of Fig. 4(a—c). This is likely due to the increase
of the distance between the floor film and the SINW top, and an
increase of the ratio of the deposited metal on the SINW sides
compared to the floor, depicted in Fig. 4(f). This also reduces
the thickness of the metal on the floor, which will also dewet if it
approaches thicknesses similar or lower than that on the SINW
walls.

Alternatively, to test the effect of SINW diameter, 200
NMpanar Ag Was deposited on SiNWs of different diameters and
annealed at the same conditions. Nanowire diameter can be
adjusted by the lithography process, or by increasing or
decreasing the oxide layer. Changing the SINW diameter also
changed the particle size. 200 nm and 275 nm diameter SINWs
were formed by adjusting the oxide layer and resulted in parti-
cles with average horizontal metal particle diameters of 300 nm
and 420 nm respectively, seen in Fig. 4(d and e). This is likely
due to the amount of metal material deposited on the SINW
tops, depicted in Fig. 4(f).

Although changing the SINW height and diameter indi-
vidually could change the size of the metal particles, there are
limits on the extent of this process. As already seen in
Fig. 3(e), if the volume of metal on top of the SINW is too
small, without reducing the diameter of the SINW, the metal
particle may flatten. And, as seen in Fig. 4(c), if the particle is
too massive and the diameter of the SINW is not wide enough
to support the particle’'s normal wetting surface area then the
particle will sag over the SINW edge, reducing uniformity of
the sample. Therefore, large changes in particle size should
be made by adjusting both the SINW height and diameter
together.

This journal is © The Royal Society of Chemistry 2020
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Fig.4 Sample SEMimages and particle diameter distribution plots of 200 NmMyanar Ag deposited on SINWs with heights of (a) 540 nm, (b) 650 nm,
and (c) 810 nm. The size of the particle increases with the increasing SINW height. (d) 200 nm diameter SiNWs and (e) 275 nm diameter nanowires
with 200 NnMpanar Ag depositions. The metal particles on the larger diameter nanowires have proportionally larger diameter metal particles. (f)
Illustrations of the how increasing the NW height increases the proportion of metal sputtered onto the sides of the SINWs that travels upwards
with annealing, and how increasing the NW diameter increases the proportion of metal sputtered onto the tops of the SINW that remains in place

with annealing.

Other metals and alloying

Particle formation behavior on nanowire tops was observed for
all the metals that were tested (Ag, Au, Ni, and Cu). The dew-
etting behavior was similar among each of the metals on a SiO,
surface. Example SEM images of particles corresponding to
each of these metals are shown in Fig. 5(a-d). In this experi-
ment, 200 NMy,janar Of Ag, Au, and Cu each formed particles at
around 800 °C after 2 minutes because of their relatively similar
bulk melting temperatures. 200 NMpjanar Ni could form particles
at around 900 °C after 2 minutes due to its higher bulk melting
temperature.

Alloyed nanoparticles are of particular interest because they
can combine the properties of individual elements or allow for
complex structures.’” To investigate the potential of alloying
using this method, Ag and Au were deposited one after the other
on SiNW arrays. One sample had 100 nmyjanar Au on 100
NMpjanar Ag and the second sample had 50 nmpapar Ag 00 100
NMypjanar AU. Both samples were annealed at 750 °C for 2.5
minutes. SEM-EDS mapping of individual particles showed an
even distribution of Au and Ag, such as in Fig. 5(e). EDS spectra
from single points showed the calculated atomic ratio of Au : Ag

This journal is © The Royal Society of Chemistry 2020

to be 49 : 51 for the first sample and 65 : 35 for the second
sample, close to that expected by the deposition thickness. XRD
data in Fig. 5(g) shows strong single peaks aligning at the
overlapping Ag and Au peaks both before and after annealing
along with a decrease in peak width and possible slight right-
ward peak shift after annealing as also seen in the pure Ag
sample. Together, the EDS and XRD data suggest that a good
level of controllability can be achieved for forming solid solu-
tion alloy metal particles by this method. 50 nmpjanar Ag 0n 200
NMpanar Cu was also tested as these metals do not form a solid
solution by annealing. Spherical particles with different
textured regions could be seen in SEM. SEM-EDS mapping in
Fig. 5(f) and single-point spectra at different locations on the
particle suggest that the different regions vary in Ag:Cu
composition. XRD from the sample after sputtering reveals
peaks aligning well to both Ag and Cu standard peaks. However,
after annealing, the Ag peaks shift rightward (from compres-
sion) and the Cu peaks shift leftward (from tension). This is
likely an adjustment due to the difference in the lattice
parameters of the two metals and a sign that there has been
alloying of the metals.®®

Nanoscale Adv., 2020, 2, 5607-5614 | 5611
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Fig.5 (a) SEMimage of 200 nmyanar Ag particle array, (b) 200 NnMpanar Ni

particle array, (c) 200 NMyanar Cu particle array, and (d) 100 NMpjanar Au

particle array. (e) SEM image and EDS mapping of alloy particle formed from 100 nMganar Ag and 100 NMyianar Au depositions. The corresponding
EDS maps of Ag and Au show a smooth distribution. (f) Alloy particle formed from 50 NnMganar Ag and 200 NManar Cu. The SEM imaging dis-
playing EDS point composition analysis results and EDS maps of Ag and Cu show how the metals are concentrated in different regions. (g) XRD
data of the 100 NMyanar Ag on 100 NMpanar Au sample before and after annealing. (h) XRD data of the 50 NnMyanar Ag on 200 NMyanar Cu sample

showing peak shifts after annealing.

Conclusions

In this work, Si nanostructures were used to encourage and
direct metal thin film dewetting to control the formation of
metal particles into orderly arrays with high yield. Particles were
made from several different metals pointing to the common
solid-state dewetting characteristics at high temperature.
Observations of the dewetting process have shown the impor-
tance of the SINW shape and sputtering distribution in creating
the conditions which cause the metal film to isolate and travel
up the SINW. The temperature range is particularly important
for ensuring the directional dewetting process that initiates at
the SiNW sides. The resulting particles can be formed with
uniform size and location which can be adjusted by changing
the conditions, especially by adjusting the dimensions of the
SiNW array. Metal alloying is possible by using this method
through the annealing of multiple metals.

Possible applications for the particles include plasmonic
sensors or other devices that can utilize the high degree of
ordering along a plane. With further refinement and a decrease
in the particle dimensions using the methods outlined above,
hot-spot engineered Surface-Enhanced Raman Spectroscopy

5612 | Nanoscale Adv., 2020, 2, 5607-5614

(SERS) grids for trace molecular analysis should be possible.****
The advantages of this process would include improved repro-
ducibility and stability over large substrate areas by utilizing the
top-down control of nanoimprint lithography for particle
formation. Another possibility is to use the NWs in order to
form tip-enhanced Raman spectroscopy (TERS) probes, as the
particles are firmly attached to the SiNWs.*® In either case, the
Ag/Au alloy particles can be useful because of the combined
high plasmonic properties of Ag and the protection from
oxidation that Au provides.**

The dewetting behavior outlined in this report adds to the
available techniques of using nanostructured surfaces to
promote metal solid-state dewetting in a desired direction to
control the formation and location of metal islands into parti-
cles. The process can likely be extended to other metals,
substrates, and nanostructures besides SiINWs. The flexibility of
the nanoimprint lithography process and availability of other
lithographic methods can provide other possible layouts and
applications that can be guided by the results presented in this
report. We think that this can serve as a versatile nano-
fabrication technique for making complex structures which
combine metal particles and nanostructured substrates.

This journal is © The Royal Society of Chemistry 2020
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