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UMR 8537, CentraleSupélec, CNRS, Université Paris-Saclay, 94235 Cachan, France. 2.—Hanoi
National University of Education, 136 Xuan Thuy, Cau Giay, Hanoi, Vietnam. 3.—Institute of
Materials Science, Vietnam Academy of Science and Technology, 18 Hoang Quoc Viet, Cau Giay,
Hanoi, Vietnam. 4.—e-mail: thanhdm@hnue.edu.vn

We report fabrication of Au nanoisland films on different substrates by ther-
mally annealing a sputtered Au nanolayer and investigation of their struc-
ture, morphology, and optical properties. It was found that high-temperature
annealing leads to transformation of the initial, continuous film into the forms
of hillock and isolated island film. The final nanoisland films exhibit
remarkably enhanced and localized plasmon resonance spectra with respect to
the original sputtered film. The strong dependence of the resonance band
spectra of the resulting structures on the annealing temperature and sup-
porting substrate is presented and analyzed, suggesting that both of these
factors could be used to tune the optical spectroscopic properties of such
structures. Moreover, we propose and demonstrate a novel and effective ap-
proach for fabrication of patterned Au structures by thermally annealing the
Au layer deposited onto modulated-surface substrates. The experimental re-
sults indicate that this method could become a promising approach for man-
ufacturing plasmonic array structures, which have been extensively
investigated and widely applied in many fields.
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INTRODUCTION

Discontinuous films or nanoisland structures of
noble metals (e.g., Au, Ag, Cu) present optical
properties that are notably different from those of
bulk forms.1,2 This special phenomenon is attribu-
ted to excitation of confined conduction-band elec-
trons by external electromagnetic waves, namely
localized surface plasmon resonance (LSPR), result-
ing in the appearance of a strong and localized
extinction band (sum of scattering and absorption)
and enhancement of the local electromagnetic field.3

LSPR extinction band features including position
and shape strongly depend on the structured mor-
phology of the sample such as the size, shape, and

interparticle distance, as well as the effective
refractive index of the surrounding medium.4 As a
consequence, LSPR and its behavior pave the way to
new developments in plasmonic-based optical
devices and sensing applications.4–8

The optical properties of discontinuous films have
been investigated and reported based on research
into evaporation of metal layers.2,9–11 An evapo-
rated metal layer deposited in the form of nanois-
land film shows the plasmon resonance effect,
differing from the bulk-like response of thick metal
layers. It is worth mentioning that the LSPR
extinction band of evaporated films is too weak to
be exploited for applications. Recently, thermal
annealing was proposed as a simple technique for
fabrication of metallic isolated-island structures,
especially on Au material, using a thick evaporated
metal layer.12–14 However, previous research has
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not focused adequately on the influence of the
fabrication conditions on the properties of the
resulting metallic structures. Additionally, the con-
ventional annealing method was known to be
unable to fabricate patterned metallic arrays. To
fabricate patterned metallic structures, a combina-
tion of several techniques with multiple processes
should be used. For example, Ma et al.15 suggested
combining interference lithography with gold etch-
ing to fabricate large-area periodic structures. Song
et al.16 demonstrated another method by evaporat-
ing silver material on a monolayer opal template
followed by a lift-off process. Siegel et al.17,18 pro-
posed to evaporate or sputter metallic materials
onto an optically structured polymeric template.
The combination of polymeric templates fabricated
by laser interference lithography (LIL) with metal-
lic deposition by either evaporation or sputtering
seems very promising, because it enables realization
of very large-area metallic structures.

In the present work, we first demonstrated fab-
rication of Au island films by thermally annealing
sputtered Au layers and thoroughly investigated
the influence of the annealing temperature and
supporting substrate on the structure, morphology,
and optical properties of the resulting Au films.
Secondly, we propose a simple and effective route to
fabricate patterned Au structures by annealing a
metallic film previously sputtered onto a modulated-
surface substrate. This fabrication procedure is
simple, low cost, and promising for obtaining vari-
ous plasmonic structured arrays, which could be
applied in many fields.

FABRICATION AND CHARACTERIZATION
OF GOLD ISLAND FILM STRUCTURES

Experimental Procedures and Characteriza-
tion Techniques

Au layers of 20 ± 0.5 nm nominal thickness were
directly deposited onto cleaned substrates using an
Emitech K650 magnetron sputterer. The deposition
conditions were direct-current Ar plasma, gas
purity of 99.995%, and discharge current of
50 mA. The sputtering time was controlled to obtain
the target thickness. To reveal the influence of the
substrate on the formation of the Au island films
during the annealing process, three different types
of substrate were employed: microscope slide glass
(Menzel-Glaser), microscope glass coated with
indium tin oxide (ITO), and (c) microscope glass
spin-coated with S1805 photoresist. Thermal
annealing treatment was carried out in ambient
condition at different temperatures between room
temperature and 500�C (accuracy ±5�C) using a
Nabertherm oven. Note that the highest annealing
temperature was chosen to be lower than the glass-
transition temperature of the glass substrate,
Tg � 557�C. The annealing process involved three
consecutive stages: an increasing temperature stage
from room temperature to the desired target

temperature at heating rate of 5�C min�1, a con-
stant annealing stage at the target temperature for
30 min, and a natural cooling down stage.

The structured morphology of the resulting struc-
tures was characterized by atomic force microscopy
(AFM) and scanning electron microscopy (SEM).
The optical properties of the structures were char-
acterized by optical microscopy and ultraviolet–
visible (UV–Vis) spectrometer.

Influence of Thermal Annealing Temperature

The surface morphology of the Au films on the glass
substrate changed dramatically after the annealing
process, as clearly shown by the AFM images in
Fig. 1. It is evident that annealing leads to formation
of discrete Au nanoislands from the continuous
sputtered Au layer. The progression of this transfor-
mation can be observed by noting the dependence of
the sample morphology on the annealing tempera-
ture. The sample annealed at 200�C exhibited hillock
morphology containing holes, alternately incorpo-
rated with Au chains. Such hillock formation is
probably caused by the unidentified thermal expan-
sion of the glass substrate and the coated Au layer. In
contrast, at 500�C, completely isolated nanoisland
structure was obtained. It is well known that the
melting point of Au nanoplatforms decreases rapidly
with reduction of the particle size.19,20 Therefore, it is
assumed that, during the high-temperature anneal-
ing period, hillock-form Au layers melted and then
coalesced into isolated particles.14,21,22 Furthermore,
as clearly observed from Fig. 1c, the Au islands
display flat surfaces, indicating that the molten Au
recrystallized during the high-annealing-tempera-
ture period.23,24 Figure 2 shows microscopy images
and UV–Vis spectra of Au samples obtained before
and after annealing at different temperatures. The
original sputtered film appears in dark blue, whereas
all annealed samples exhibit reddish color, a trend
that becomes increasingly apparent with higher
calcination temperatures. The absorbance spectra
of the annealed structures were qualitatively differ-
ent in terms of both shape and height compared with
the initial, sputtered film. A strong optical extinction
band starts to appear for the sample heated at 200�C
and becomes more obvious for the samples annealed
at higher temperatures, whereas the original sput-
tered layer showed a broad optical band. The well-
localized and remarkably enhanced extinction bands
of the annealed samples are attributed to LSPR of
gold nanoislands. However, we did not observe a
clear shifting trend of the resonance peak wave-
length of these samples with the optical extinction
peaks being located at 560 nm, 575 nm, 578 nm, and
566 nm for annealing temperatures of 200�C, 300�C,
400�C, and 500�C, respectively. The same result was
also previously observed and reported for Au island
films obtained by annealing chemically synthesized
colloidal Au nanoparticles.25 This is due to the fact
that the particle plasmon resonance depends
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strongly on the size, shape, and aspect ratio
(height/diameter) of the Au nanoislands, as well as
on the medium surrounding them. As the annealing
temperature increases, the structured morphology
features of the islands, and consequently the total
contact area of the sample with the environment,
change in different ways, leading to nonmonotonic
variation of the resonance spectrum. In addition, it

can be seen that the extinction band of the samples
annealed above 400�C did not change significantly
with the temperature, as for the samples annealed at
intermediate temperatures. This indicates that, in
the temperature range below the glass-transition
temperature of the glass substrate, 20-nm-thick
sputtered gold film shows a high-quality plasmon
resonance band after annealing at temperatures
between 400�C and 500�C.

Influence of Substrate

Figure 3 shows SEM images of Au island film
structures obtained after thermal annealing at
500�C of the metallic layer sputtered on different
substrates. It is apparent that the substrate has a
remarkably impact on the morphological features of
the resulting island films. Au nanoislands with
larger average diameter and smaller average height
were produced on pure and ITO-coated glass as
compared with the substrate coated with S1805. The
results presented above show that the sputtered thin
film melted and coalesced into isolated nanoislands
during the annealing process. Therefore, the nature
of the substrate, particularly its surface tension
properties, is assumed to be a crucial factor directly
impacting on the structured morphology and conse-
quently the optical properties of the final Au island
film. The surface tension of the substrate determines
the interactions between the substrate and molten
gold.26 Additionally, the different thermal expansion
of the substrate is also a vital factor affecting the
features of the resulting metal structures. It should
be noted that, during the thermal annealing, there
are phase transformation processes of the S1805
photoresist, which has a glass-transition tempera-
ture of around 160�C and evaporates completely at
temperatures above 350�C. Therefore, although the
S1805 interlayers disappeared from the final Au

Fig. 1. AFM images of sputtered Au thin-film structures on glass substrate, obtained before annealing (a) and after annealing at 200�C (b) and
500�C (c).

Fig. 2. Microscope images (a) and UV–Vis spectra (b) of sputtered
Au thin films on glass substrate, obtained before and after annealing
at different temperatures.
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sample, they played a crucial role in the formation of
Au islands during the annealing period. In contrast,
the ITO nanolayer was not modified in the chosen
range of annealing temperatures.

Figure 4 shows microscopy images and optical
extinction spectra of Au island films on different
substrates. The Au sample looks purple on pure
glass, dark green on ITO, and light red on the
initially photoresist-coated substrate. The corre-
sponding UV–Vis spectra show that particle plas-
mons induce extinction centered at 643 nm on ITO,
590 nm on pure glass, and 550 nm on the initially
S1805-coated glass substrate. Two dominant

mechanisms account for the spectroscopic proper-
ties of the Au nanoislands on a substrate: (1) a
structure-dependent effect, determined by the size,
shape, and separation of the Au islands, and (2) the
dependence on the environmental refractive index,
with ITO having the largest (1.86) and pure glass
the smallest value (1.51) among the substrates used,
at wavelength of 633 nm. Therefore, the spectro-
scopic properties of the Au structures realized on
different substrates are determined by manyfold
related mechanisms that require further character-
ization. However, the supporting substrate has been
shown to be an effective element that can be used to
tune the optical response of such Au nanoisland
films. Interestingly, use of an interlayer that can be
completely eliminated during the annealing process
is a promising practical approach to produce the
desired metal structures. This concept is demon-
strated in the next section.

FABRICATION OF STRUCTURED GOLD
ARRAYS

Experimental Fabrication Process

Based on the above analysis, we propose a simple
method for fabricating various structured Au
arrays. The fabrication process, as shown schemat-
ically in Fig. 5a, involves two stages: (1) preparation
of S1805 photoresist templates with the desired
structures by laser interference lithography (LIL)
and (2) sputtering of Au onto the templates and
annealing of the whole system at high temperature.
In particular, for this work, multiexposure two-
beam LIL was used to produce the desired photore-
sist templates due to its simple setup and high-
throughput fabrication, as described in our previous
research.27–29 The experimental setup of this tech-
nique is shown in Fig. 5b, in which the sample was
fixed in a double-rotation holder. By adjusting the
2h angle between the two incident laser beams and
the rotation of the sample holder, we could easily
manufacture S1805 templates with various struc-
tures and desirable lattice periods.27 A series of
S1805 templates with either line or pillar structure
with modulation depth of 600 nm and period

Fig. 3. SEM images of Au island film structures obtained by thermally annealing Au film sputtered on different substrates: glass (G), glass coated
with ITO (I), and glass initially coated with S1805 photoresist (S). The annealing temperature was 500�C.

Fig. 4. Microscope images (a) and UV–Vis spectra (b) of Au island
film structures obtained by annealing Au film sputtered on different
substrates: glass (G), glass coated with ITO (I), and glass initially
coated with S1805 photoresist (S). The annealing temperature was
500�C.
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ranging from 0.5 lm to 1.0 lm were fabricated. Au
layers were then deposited onto the photoresist
structures. The deposition step for all samples was
carried out with sputtering parameters allowing a
20-nm-thick layer to be formed on a flat substrate.
The S1805-Au systems were subsequently annealed
at 500�C for 30 min to evaporate the photoresist and
obtain the final Au structures on the glass
substrate.

EXPERIMENTAL RESULTS AND
DISCUSSION

Figure 6a–d shows SEM images of various pat-
terned Au structures fabricated using the proposed

procedure as illustrated in Fig. 5a. The corresponding
S1805 templates coated with a sputtered Au layer
before annealing are presented in the inset to each
image. It is evident that, after the annealing process,
the photoresist was removed and the Au material
remained on the substrate in the form of periodic
arrays. The one-dimensional (1D) metal grating con-
sisted of continuous and homogeneous nanowires,
although a few break due to the annealing. In contrast,
the two-dimensional (2D) Au structures showed high-
quality arrays of Au nanodots. As can be seen for all
samples, the lattice period of the resulting metal
structure was similar to that of the corresponding
original S1805 template obtained by the LIL process.
Note that small Au nanoparticles with diameter of

Fig. 5. (a) Schematic of fabrication process of structured Au arrays by combination of LIL and thermal annealing. (b) Schematics of multiex-
posure two-beam laser interference technique: (1) 532-nm laser source, (2) beam expander, (3) diaphragm, (4) beam splitter, (5) mirror, (6)
double-rotation holder.

Fig. 6. SEM images of 1D and 2D Au structures fabricated by a combination of LIL and thermal annealing (a–d); schematic of mechanism
explaining the formation of Au arrays (e). Insets in (a), (b), and (c) show SEM images (top view) of corresponding photoresist templates coated
with a sputtered Au layer.
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around 50 nm remained randomly outside the domi-
nant Au periodic arrays. The homogeneous area of the
fabricatedAustructureswas1.0 cm 9 1.0 cm,similar
to the size of the diaphragm used in the LIL process;
this could be easily extended to larger sizes if desired.
The mechanism explaining the formation of the
structured Au arrays is illustrated in Fig. 6e. After
the sputtering process, a thin layer of Au was isotrop-
ically deposited onto the top and side-walls of the
S1805 lines for 1D and pillars for 2D structures, as
well as the blank areas of the glass surface. During the
annealing process, when the temperature was
increased to above 200�C, the Au layer started to melt
and broke down into segments, allowing the S1805 to
evaporate gradually, as demonstrated by the dotted
blue arrows. The loss of S1805 due to evaporation led
to aggregation of the melting Au segments, following
the direction of the bold red arrows. At high temper-
ature of around 500�C, the S1805 evaporated com-
pletely and all the Au initially coated on the S1805
aggregated and coalesced into localized and well-
arranged dots or lines. The final metal structures
would therefore have a geometrical morphology and
period similar to those of the photoresist template. As
the size of the S1805 line or pillar decreased, the
amount of Au coating also decreased, resulting in a
smaller and thinner Au line or dot. Additionally,
according to the results presented above, after anneal-
ing at high temperature, the thin Au layers deposited
on the blank glass areas were transformed into
random isolated nanoparticles that remained outside
the dominant array structure. Patterned noble-metal
structures have been researched and applied exten-
sively in many fields. It has been reported both
theoretically and experimentally that patterned plas-
monic structures exhibit highly controllable and
enhanced plasmonic behavior as compared with
unpatterned ones.30,31 This simple and effective
method for fabrication of plasmonic structures is
therefore worthy of research and exploitation. Our
approach shows obvious advantages such as low cost,
simplicity, and high-throughput fabrication in com-
parison with conventional methods such as ion-beam
milling,32,33 lithography with lift-off,15,22 and solution
processing.34,35 Generally, by using the proposed
technique, we are able to fabricate various Au struc-
tures in periodic, quasiperiodic, or arbitrary networks
with controllable lattice parameters. The optical
response of the final metal networks is contributed
by their structured morphology, which depends on the
photoresist template. The LIL process therefore plays
a vital role in enabling the behavior as well as the
applicability of the resulting metal structures, which
is currently under investigation.

CONCLUSIONS

Various Au nanostructures were fabricated, and
characterized by different techniques. We first fabri-
cated Au island films on different substrates by a
conventional thermal annealing process. Experimental

characterization showed that the high-temperature
annealing process melted the sputtered Au thin film,
leading to formation of isolated Au nanoislands
exhibiting enhanced plasmon resonance with respect
to the original sputtered layer. The impact of fabrica-
tion conditions such as the annealing temperature and
supporting substrate was investigated and is system-
atically presented. Both of these are effective factors
that can be used to tune the optical behavior of the
metal structures. Secondly, a novel method combining
the thermal annealing process and the LIL technique is
proposed for fabricating large-area patterned Au
structures. The mechanism of formation of the Au
structures has been analyzed; due to the thermal
annealing process, the Au nanolayer on the top and
side-wall of the S1805 is melted and broken down,
allowing the S1805 to evaporate during this process.
During the removal of the S1805 cores, the molten Au
nanosegments simultaneously coalesced and formed
into well-arranged structures. The geometry of the
S1805 template determined the geometry of the result-
ing Au structure. Therefore, desired metallic 1D and
2D structures could be rapidly realized by a simple
interference technique, paving the way to numerous
plasmonic and photonic applications.
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