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ABSTRACT: Through thermally annealing well-arrayed,
circular, nanoscale thin films of gold, deposited onto [111]
silicon/silicon dioxide substrates, both solid and hollow gold
particles of different morphologies with controllable sizes were
obtained. The circular thin films formed individual particles or
clusters of particles by tuning their diameter. Hollow gold
particles were characterized by their diameter, typically larger
than 400 nm; these dimensions and properties were confirmed
by cross-section scanning electron microscopy. Hollow gold particles also exhibited plasmonic field enhancement under
photoemission electron microscopy. Potential growth mechanisms for these structures were explored.
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I. INTRODUCTION
Gold crystalline structures have been the subject of
considerable research interest because of their size-dependent
optical properties, such as surface plasmon resonance and
surface enhanced Raman scattering.1−7 Patterning individual
gold nanostructures into an ordered array is an effective way to
increase the intercoupling between the nanostructures, which
leads to a further enhancement of the aforementioned size-
dependent properties for plasmonic and sensing applications.8,9

Among the variety of possible approaches toward patterning of
gold nanostructures, well-arrayed assembling of hollow gold
particles, which are of particular interest because of the shell-
induced local trapping of surface plasmon,4−6 have not been
possible using conventional top-down fabrication techniques
because of the difficulties in constructing the inner cavity inside
of the three-dimensional particle.
Recent research has demonstrated that solid gold particles of

various shapes and sizes could be produced from uniform
deposited gold films that are subjected to thermal annealing.
Specifically, arrays of solid gold particles were realized by
annealing patterned gold films, fabricated by nanosphere
lithography.10−12 Although the reported results suggest that
thermal annealing can serve as an effective post-treatment to
engineer the gold nanostructures from a flat two-dimension-like
thin film to three-dimensional structures, the size of as-formed

particles is not controllable and tunable. Moreover, these
particles are found to be solid, which lowers their response to
optical plasmonic signals and limits their real-world applica-
tions.
In this article, we reported a controllable top-down

fabrication procedure for well-ordered, solid and hollow gold
particle arrays with tunable properties, fabricated by a
combination of electron beam lithography (with control over
the diameters of individual films) and thermal annealing of
metallic thin films. Further, the synthesized hollow gold
structures were characterized by observing their cross sections,
prepared by focus ion beam sectioning (FIB). The optical
response and near field enhancement of the synthesized gold
particles were studied using photoemission electron microscopy
(PEEM). Finally, the formation mechanisms of hollow and
solid gold particles were explored. Our studies reveal a
promising method to produce hollow gold particles of tunable
diameter with near field optical enhancement characteristics, all
of which may lead to myriad potential applications in
plasmonics.
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■ EXPERIMENTAL SECTION
Preparation of Gold Particles from Patterned Nanoscale

Gold Film via Annealing. Arrays of gold particles with diameters
from 100 to 2000 nm were produced by electron beam lithography
using the following algorithm: a 50 nm layer of PMMA electron beam
resist was spin-coated onto a [111] silicon substrate (Sumitomo Sitix
Silicon) with an extant native oxide layer. Predesigned patterns were
written on the sample by electron beam lithography (EBL, Raith
eLiNE operating in writing mode); the resist-covered substrate was
then developed in MIBK:IPA (1:3) for 45 s; next, 20 nm of gold was
deposited by e-beam evaporation (Åmod 600, Angstrom Engineering
Inc.); after lifting off the unwanted PMMA, the desired gold patterned
film remained. A scanning electron microscopy (SEM, Raith eLiNE at
20 kV) image in Figure 1a illustrates circular gold patterned films that
are 500 ± 15 nm in diameter and 20 ± 2 nm in thickness. The gold
grains within the as-deposited films were observed to be several tens of
nm in size, indicating they are wholly polycrystalline. The well-arrayed
gold particles, as shown in Figure 1b, were attained after inserting the
gold films into a quartz tube in a horizontal tube furnace (Thermolyne
#F21135 furnace, Barnstead International) for a time-sensitive
reformation step under a stream of dry, ultrapure nitrogen (100
sccm) for 10 h at 940 ± 5 °C. The gold film thickness, annealing time,
annealing temperature, and nitrogen flow rate were set the same for all
of the experiments.
Statistical Counting of the Percent of Multiple Formation in

One Film Size. Arrays containing 50 × 50 patterned gold films
(totaling 2500 individual patterned gold films) were fabricated for the
experiments; each circular patterned film possessed a different
diameter in a range from 100 to 2000 nm (100 nm as a step). After
annealing, the gold particles formed, and the sample was sent to SEM
for assessment. For each film diameter, we performed a statistical
analysis of the behavior and evolution of said film as a function of the

film’s initial diameter. For example, we counted the total number of
films of a specified diameter that eventually yielded multiple nanoscale
and/or microscale particles. After examining the entire 50 × 50 array,
we divided the total number of occurrences of multiple particle
formation by the total number of the films in an array (for all
diameters), which yielded the percent of multiple particle formation as
a function of the film diameter. All the assessments were performed on
the Raith eLiNE system operating in SEM mode at 20 kV.

Cutting the Gold Particle with Focused Ion Beam. Gold
particles that appeared to possess openings atop the particles as
observed using the Raith eLiNE SEM, were randomly selected as
candidates for cross-section cutting by focused ion beam milling. A FEI
FIB 200 XP focused ion beam system, using a gallium ion beam that
operates at 30 kV (50 k × magnification, 1 pA current, and 10 nm
resolution), was used to cross-section the hollow particle. The gold
particles were cut from the edge to the center using the focused
gallium beam with the same acceleration voltage (30 kV) and constant
beam current (1pA), but employing different drilling time per slice.
Thus, the cutting depth depended on the actual shape of the particle.
Known as the cleaning cross-section tool, this instrument can
minimize the redeposition from the substrate. Once the particles
were dissected in half by the focused gallium beam, the samples were
immediately transferred to a Hitachi S4200 SEM for imaging; this
allowed us to minimize the damage and reposition caused by the
gallium source in FIB, when the FEI system was used in imaging
mode. This procedure allowed us to examine the topology and
morphology of the cross-sectioned region.

Optical Response and near Field Enhancement Investiga-
tion Using PEEM. To investigate the plasmonic near field
enhancement, PEEM was employed to image the photoexcited
electrons from the solid and hollow gold particles. After synthesis,
the samples were transferred to the UHV PEEM chamber and exposed
to a 150 fs pulsed laser centered at 400 nm at an incident angle of 15°

Figure 1. SEM images, illustrating different paths toward the formation of single and multiple gold particles as a function of patterned film diameter.
Each array contained 50 × 50 individual films. (a) Circular films of diameter 500 nm prior to annealing. (b) Gold particles of diameter ∼280 nm,
formed through annealing gold films in panel a at 940 °C for 10 h. (c) Gold particles formed from 900 nm films. This diameter of the gold films
marked the onset diameter for the formation of multiple particles. Inset: Magnified image of the multiple gold particles. (d) Gold particles that
formed from films that were 2000 nm in diameter. Two types of formations (Large single hollow particles and small multiple solid particle arrays)
were observed, as shown in the inset.
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with respect to the sample surface. The PEEM imaging system, used in
this study, is described in detail elsewhere.13

■ RESULT AND DISCUSSION

After annealing, all patterned film of a diameter less than 900
nm consistently yielded a single particle, as evidenced in Figure
1b. For each array, the resulting gold particles maintained good
size uniformity. The particles did not migrate across the
substrate, remaining at the same location where the patterned
films were originally deposited. The interpattern spacing was
large enough to suppress coarsening among neighboring
films.14 Notably, when the diameter of patterned film increased
to 900 nm, the average number of gold particles formed at each
film began to increase. In other words, they apparently began to
divide into multiple particles after the annealing step, as
evidenced in Figure 1c. Although multiple-particle films (films
that yielded multiple particles) accounted for a very small
percent of the observed yield at the 900 nm diameter, this
diameter appeared to have defined the critical diameter of film
at which multiple gold particles formed.
As expected, when the film diameter increased above 900

nm, the number of films that yielded multiple-particles
gradually increased. In this regime, beyond the uncertainty in
the patterned-film diameter (±20 nm), a finite probability
existed for the patterned film to coalesce either into a single
large particle or split to smaller particles; this probability
depended on the initial diameter of the patterned film, as
discussed later. The two distinct behaviors of the patterned film
may be due to the local variations in the external conditions,
such as the substrate roughness and the flow rate of nitrogen
during the particle fabrication. An example of this can be seen
in Figure 1d, for which arrays of gold particles were formed
from patterned-films of diameter = 2000 nm. Both single and
multiple gold particles were observed and obviously the
multiple particles accounted for the majority. Interestingly, a
large fraction of the single large gold particles were observed to
be hollow, as shown in the inset of Figure 1d. A histogram of
the relationship between the diameter of the initial patterned-
film and the percentage of multiple-particle film, defined by the
ratio between patterned-films that yielded multiple particles and
the amount of patterned-films in an array (the amount were set
to be the same for all sizes), is provided in Figure 2a. This
histogram indicates the onset diameter of the multiple-particle
film. The percentage of multiple-particle film increased
nonlinearly as the diameter grew above the onset diameter.

For the largest film (2000 nm), only a small fraction (<10%)
formed a single large particle. After prolonged annealing
periods for the films (periods >20 h), no agglomeration of
smaller particles into large clusters of particles or into larger
individual particles was seen.
The relationship between the diameter of the patterned film

and the diameter of the resultant gold particles is shown in
Figure 2b; for this graph, only patterned-films that produced
single particle were assessed. For those films with diameters less
than 900 nm (onset diameter), the diameters of the resultant
particles exhibited a clear linear relationship (presuming the
particles were solid objects), including relatively small
polydispersity. These results confirmed that the diameters of
the particles were easily tuned as a function of the film size. The
smallest particles in our study have a diameter of approximately
70 nm, fabricated via annealing a 100 nm-patterned-film, as
shown in Supporting Information, Figure S1. The size of the
resulting particles can be produced in even smaller diameters by
annealing a smaller and thinner patterned-film.
Our patterned film experiment also confirmed the observa-

tion of hollow gold particles, fabricated through the same
annealing process. Annealing large gold films (diameter ≥900
nm) resulted in two types of particle arrays: (1) multiple small
gold particles; and (2) one single large gold particle. Analysis of
SEM images suggests that the vast majority of small gold
particle clusters (diameter < 300 nm) formed from large film
(diameter ≥ 900) appeared to be solid; no distinguishable
hollow surface character is observed. However, for some of the
larger gold particles (diameter >400 nm), hollow structures
were attained, which may be an equilibrium condition for the
deposited film thickness since annealing thinner gold film
yielded much smaller particles (details in Supporting
Information, Figure S2). Based on our assessment of the
SEM images, the percentage of hollow gold particles that were
formed is ∼70% in the samples that were fabricated from the 20
nm thick Au films, as observed in Figure 1d. An image of such a
structure, detailing the surface topography of the hollow gold
particle, is provided in Figure 2c (Also see Figure 1d). The
openings of the hollow cage-like structures were readily
apparent under SEM; the interior contours were evident,
which affirmed their hollow conformation. To interrogate the
particles further, we removed the particles from their
underlying substrate and dropcast them onto a ransmission
electron microscopy (TEM) grid for analysis (Philips CM 200
at 200 kV). The TEM images, shown in Supporting

Figure 2. (a) Graph representing the percent of gold films that form multiple particles (multiple-particle films) as a function of the film diameter.
Each array with different diameter contained 50 × 50 annealed samples. The onset diameter of the multiple-particle films was 900 nm. (b) A graph of
the resulting particle diameter as a function of the gold patterned film diameter. Note that only single particle formation from one film is counted.
The uncertainty in the particle diameter comprises the standard deviation in the particle diameter of all particles formed from a single film of a single
diameter. The dotted line is a theoretical calculation of the as-formed, solid particle diameter as a function of patterned film diameter, based on an
equivalent volume match analysis. (c) SEM image of a hollow gold particle of diameter approximately 500 nm, formed solely from a gold film of
diameter of 2000 nm. The top opening along the surface of the particle affirmed its hollow morphology.
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Information, Figure S3, indicated that the particles were
composed of a thick gold shell with a rough, textured surface.
Moreover, we found that some instances of the multiple-

particle film also yielded hollow particles, as long as the
diameters of the as-formed gold particles were larger than 400
nm. Evidence of this is provided in Figure 3. In this example,

the diameter of the patterned film was 2000 nm. The particles,
highlighted by red circles in the figure, have diameters that were
larger than 400 nm. Each of the particles notably possessed
hollow structure, including those that comprised part of a
multiple particle configuration (note the bottom two images of
Figure 3 and the inset of Figure 1d). All other samples (film
diameter =1500−1900 nm) possessed the same feature as this
example.
To validate the observation further, a theoretical calculation

to volume match for the diameter of the as-formed solid
particle as a function of the patterned film diameter was
considered, based on the equation:

π π= ×
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where d1 is the diameter of the circular, cylindrical gold film, d2
is the diameter of the resulting particle, and h0 is the thickness
of the film (h0 = 20 ± 2 nm). The factor of 2/3 accounts for the
actual shape of our dome-like particles. The relationship
between d1 and d2 was plotted as a dotted curve in Figure 2b.
For film diameters ≤900 nm (corresponding to the as-formed
solid particles with diameter ≤400 nm), all experimental data
fall onto the fit curve, implying the formation of solid particles.
In contrast for diameters >900 nm, the experimental data start
to deviate from the fit curve, which meant that the particle
diameter grew bigger than what would be expected for a solid
particle. Such a phenomenon could be attributed to a hollow
nanostructure for the particles. For the datum point for the film
diameter of 2000 nm (corresponding to an average diameter of
the as-formed 600 nm particles), despite the large error bar, its
minimum value was still noticeably larger than the expected
solid value, which was strong evidence of the appearance of the
hollow particles. This juxtaposition of our particle data and the
volume match calculation confirmed that only hollow particles
formed in the region of large film diameter (>900 nm) and with
a large resulting particle diameter (>400 nm), consistent with
our observation in Figure 3. Thus, we concluded that
sufficiently large gold films (larger than a critical diameter),
with a significantly high probability, yield hollow-structured
particles.
To complement our SEM analysis of the hollow, intact

particles and to illustrate more effectively the geometry of the
nanovoid inside the gold hollow nanostructure, a tilted (45°)
SEM image of a particle cross-section was acquired, as shown in
Figure 4. Figure 4a shows the cross-section of a randomly
selected gold particle with diameter of 500 nm, which formed
solely from a 2000 nm patterned film. This particle possesses
obvious openings viewed in the normal mode in SEM. The
morphology of the nanovoid as well as the geometry shape of
the particle may be different from that observed from nontilted
SEM because of the surface redeposition induced by high
energy FIB cutting. However, the strong contrast between the
edge and the center evinces the existence of the nanovoid,
composed of a shell of thickness ∼100 nm; this is consistent
with the results acquired by TEM (Supporting Information,
Figure. S4). Similar results are obtained in other large particles.
For comparison, a cross-section of a solid particle with smaller
size (diameter of ∼300 nm) is presented in Figure 4b; the
particle in this image exhibits a smooth surface morphology
without any contrast change, indicative of a solid particle.
To compare the near-field, plasmonic enhancement of the

solid and hollow gold particles, two samples were chosen for
analysis: (1) single solid gold particles, prepared from 20 nm
thick circular gold patterns, of a diameter of 900 nm; and (2)
multiple gold particles composed of both smaller solid gold
particles and larger hollow particles, prepared from 20 nm thick
circular gold patterns, of a diameter of 2000 nm. The results,
from excitation with a 400 nm, 150 fs pulsed laser (Figures 5a
and 5b), and a UV mercury arc lamp (Figure 5c), are shown in
Figure 5. The mercury arc lamp was predominantly used for
imaging the sample surface and provided a linear photo-
emission response (single-photon process) from both the flat
SiO2 surface and the gold particles. When we illuminated the
sample using the laser, regions that contained both the solid
and hollow particles were significantly brighter than the

Figure 3. SEM images of several single large hollow particles formed
from gold films array with diameter of 2000 nm.
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surrounding flat SiO2 surface. This was because the resonant
localized surface plasmon (LSP) modes of the gold particles
coupled with the incoming electric field (due to laser), leading
to an enhancement of the field intensity in the vicinity of the
particles. Since the laser energy, 3.1 eV (400 nm), is below the
work function of gold (>5.0 eV), the enhanced field intensity
over the gold particles was most probably due to the nonlinear
(two-photon) photoemission from the particles upon laser
illumination.15,16 Interestingly, the larger gold particles
exhibited a greater plasmonic field enhancement when
compared with the smaller particles. This behavior was
attributed to the hollow nature of the larger particles, which
is expected to facilitate the nonlinear photoemission of gold
metal under laser illumination;17,18 such a response also
supports our analysis that the percentage of hollow particles
was ∼70%. This greater enhancement observed from the
hollow gold particles makes them attractive candidates for
photoelectric and sensing applications.

A schematic of the formation mechanism of the gold particles
originating from a gold film is shown in Figure 6. The growth of
our gold particle from flat films can be attributed to the
different wettabilities of the gold (hydrophobic) and the
underlying SiO2 substrate (hydrophilic). A native silicon
dioxide layer (∼2 nm) formed atop our silicon substrate
prior to the gold deposition. Its presence was confirmed by
ellipsometry measurements. The melting of the SiO2 was
observed at ∼650 °C. Coupled with the large, weakly
temperature-dependent contact angle between gold and SiO2

(θ ∼140°), we concluded that three-dimensional, spherical gold
nanostructures are thermodynamically preferred to form on
SiO2 over planar structures.

19 Although the interfacial coupling
between gold and SiO2 is rather weak, a certain temperature
(thermal energy) is still needed to overcome the activation
barrier of the reconstruction, that is, to break the interfacial
coupling between the surfaces. We used a uniform gold film to
simulate the thermal behavior of large gold patterned films in
our study. Temperature-controlled and time-controlled experi-

Figure 4. (a) Tilted (45°) SEM image of the cross-section of a gold hollow particle after preparation by FIB, which eliminated half of the particle
from the center. The interior void is clearly observed through the strong contrast between the edge of the shell of the particle and the center of the
particle. (b) Tilted SEM image of the cross-sectioned region of a solid gold particle, presented in juxtaposition with panel a.

Figure 5. PEEM images of (a) the solid Au particles and (b) multiple gold particles containing both smaller solid gold particles and larger hollow
particles. Both images were acquired using a 400 nm femtosecond laser. The associated field-of-view for these images was 30 μm. Scale bar = 3 μm.
(c) PEEM image of the surface of the same sample as described in (b), taken with a mercury arc lamp. Scale bar = 5 μm.

Figure 6. Illustration of the formation mechanism of the gold particles on SiO2/Si.
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ments were performed, the results of which are shown in
Supporting Information, Figures S4 and S5; these confirmed
the melt of SiO2 and the aforementioned proposed mechanism.
Further, we try to explain the size dependence of the splitting

of the patterned film at some onset boundary under certain
thermal conditions. Spinodal decomposition (also known as
thermal dewetting) during the heating and coarsening during
the cooling account for the formation of multiple particles from
large films.11,14,20−22 Grain boundary grooving may also
contribute to the rupture of the thin film since they are poly
crystalline. A thermal model that describes the spontaneous
rupture of a thin film was considered.22 When the gold films
were annealed at an elevated temperature (∼940 °C), thermal
fluctuations, due to varying interface interactions between the
gold and the underlying substrate, likely induced perturbative
oscillations across the film that led to deformations of the film
from its original structure and morphology. The magnitude of
the perturbation is characterized by the critical wavelength, λc:

23

λ π σ= h
A

4
c 0

2
3

(2)

where σ is the temperature-dependent surface tension of the
film material, A is the Hamaker constant of the film material on
the specific underlying substrate, and h0 is the thickness of the
film. This thermal model is intuitively consistent with our
experimental observation: as the thickness of the film decreases,
the onset boundary of multiple particle formation tends to be
smaller, that is, the perturbation wavelength shortens and
becomes more effective for smaller films. Therefore, films of a
diameter smaller than the critical wavelength tend to be stable.
In other words, they have very little probability to deform
under ambient thermal conditions.
As the diameter of the film exceeds λc, the deformation

probability of the patterned film increases (Figure 6b), which is
consistent with the histogram in Figure 2a. The film breaks into
irregularly shaped gold flakes, which tend to curve to minimize
the surface energy and sequentially turn into multiple gold
particles on the SiO2 substrate (Figure 6c). Additionally, large
gold particles have a low probability to form without cracking
the original gold film into smaller pieces (Figures 6d and 6e).
Experimental values from the literature for these variables to
approximate λc for our conditions (σ = 0.27 N/m,24−26 A = 410
zJ,27,28 and h0 = 20 ± 5 nm) yielded a lower limit of 2.0 μm,
which is comparable to the onset diameter that we observed for
the production of multiple particles.24−30 If the substrate
defects are incorporated, it would enhance the rupture
probability for the gold film. Even though the calculated λc is
of the same order-of-magnitude as our experimentally
determined onset diameter (900 nm), this result suggests that
the effective Hamaker constant for our nanoscale gold films

atop SiO2 in a nitrogen environment and/or the effective
surface tension of our films could be substantially different (for
example, larger for A and smaller for σ) from what others have
measured for similar metallic thin films. Experimental measure-
ment of the temperature-dependence of the Hamaker constant
and the surface tension of our nanostructures will provide key
information to refine the hollow/solid particle production ratio
and to scale-up the overall particle fabrication quantity.
Size-dependent thermal stability may account for the

formation of the large hollow gold particles observed in our
experiments. The various sizes of the particles resulted in
different surface tension and surface free energy, which
dominated their thermal stability.31−33 Since the high annealing
temperature used in our study, most of the ruptured gold flakes
underwent a nonequilibrium thermal process, which may have
produced a nanovoid inside of the structure when the flat film
was reconstructed into spherical particles. Since the small
particles maintained a larger surface-to-volume ratio, they were
more likely to recrystallize, forming solid spheres at a relatively
lower temperature (<940 °C) compared to the larger ones.
This mechanism explains why hollow structures were only
observed for large gold particles (Figure 2c) with a threshold
diameter (as-formed particles diameter of 400 nm). To verify
the instability of the hollow particle, we examined the FIB-cut,
hollow particle in SEM over an extended period of time. Figure
7 shows images of the time evolution of the FIB-cut, hollow
particle. The exposed nanovoid was gradually infiltrated by
electron beam-assisted redeposition of carbon, extant in the
SEM chamber, and surface reconstruction of the gold that
composed the particle.34 This assessment demonstrated the
relative instability of the hollow nanostructures, exposed to low-
energy electron radiation.

■ CONCLUSION

In summary, we proposed a promising technique for the
fabrication of gold particles with tunable size and hollow
structure. A critical size for the diameter of the gold patterned
film was identified, below which the formation of single
particles dominate and above which the formation of multiple
particles occurred. Hollow gold particles were also fabricated
from lithographically patterned films of sufficiently large
diameter. Possible mechanisms for the growth of these particles
were explored. Combined with the characterization of the near
field enhancement of the hollow structures, this study provides
a new avenue for the production of metallic nanostructures
which could have broad employment in plasmonics, sensing
devices, and other applications.

Figure 7. Time evolved, tilted (45°) SEM images of a half-cutting gold hollow particle upon electron beam heating. (a) At 0 h of SEM imaging. (b)
After 0.5 h of imaging. (c) After 1.0 h of imaging. The void inside the particle was observed to collapse gradually.
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