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Abstract: The performance of a metal-enhanced fluorescence (MEF) substrate is fundamentally based
on the orientation of the metal nanostructures on a solid substrate. In particular, two-dimensional (2D)
periodic metallic nanostructures exhibit a strong confinement of the electric field between adjacent
nanopatterns due to localized surface plasmon resonance (LSPR), leading to stronger fluorescence
intensity enhancement. The use of vertical vibration-assisted convective deposition, a novel, simple,
and highly cost-effective technique for preparing the 2D periodic nanostructure of colloidal particles
with high uniformity, was therefore proposed in this work. The influences of vertical vibration
amplitude and frequency on the structure of thin colloidal film, especially its uniformity, monolayer,
and hexagonal close-packed (HCP) arrangement, were also investigated. It was found that the
vibration amplitude affected film uniformity, whereas the vibration frequency promoted the colloidal
particles to align themselves into defect-free HCP nanostructures. Furthermore, the results showed
that the self-assembled 2D periodic arrays of monodisperse colloidal particles were employed as an
excellent template for a Au thin-film coating in order to fabricate an efficient MEF substrate. The
developed MEF substrate provided a strong plasmonic fluorescence enhancement, with a detection
limit for rhodamine 6G as low as 10−9 M. This novel approach could be advantageous in further
applications in the area of plasmonic sensing platforms.

Keywords: colloidal lithography; convective deposition; localized surface plasmon resonance; metal-
enhanced fluorescence substrate; vertical vibration

1. Introduction

Fluorescence spectroscopy is an analytical method based on an emission property
of either single fluorescent molecule (fluorophore) that is triggered by the absorption of
excitation radiation at a particular wavelength. It is widely used in tremendous applications
in medical, life science, and biotechnology fields due to its rapid, non-destructive, and
sensitive analytical method for the analysis of biomolecular substances [1]. In order to
detect a target biomolecular substance, the fluorophore is particularly immobilized on the
biomolecule for employment as a fluorescent probe. However, its detection of fluorescent
probes at a very low concentration is limited in many cases. Therefore, the methods to
achieve a strong fluorescence intensity have been intensely investigated for improving
sensitivity and lowering the detection limit of bioanalytical sensors [2]. Among them, a
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recognized powerful technology called metal-enhanced fluorescence (MEF) is an area of
particular focus, due to its ability to significantly enhance the fluorescence signal in the
near-field and shield fluorophores against photobleaching processes [3,4].

The MEF technique utilizes the nanostructures of noble metals such as silver (Ag),
gold (Au), and copper (Cu), or bimetallic materials such as Au-Ag, Al-Au, and Au-Cu,
occupying the localized surface plasmon effect and the plasmon effect due to non-radiative
interactions. The intrinsic lifetime [5] is also used to improve the performance of the
MEF substrate [6–8]. Localized surface plasmon resonance (LSPR) is the oscillation of free
electrons confined at the metal surface when the incident lights interact with the metallic
nanostructures, leading to the generation of a highly concentrated local electromagnetic
field near them, which results in the significant enhancement of fluorescence intensity by
several orders of magnitude [9]. Many reports suggest that the MEF phenomenon depends
on the morphology of the metal nanostructure, for example, its particle shape, particle size,
inter-particle distance, and nano-array pattern [9,10].

Since two-dimensional (2D) ordered arrays of metallic nanostructures generate a
strongly confined electric field (called a “hotspot”) in spaces between particles [11,12], vari-
ous methods for the preparation of 2D periodic nanostructures, such as nano imprint [13],
laser interference lithography [14], electron-beam lithography [15], and colloidal lithogra-
phy [16,17], have been incessantly developed to fabricate the nanopatterned arrays, which
are used as templates for the deposition of metallic materials to achieve an MEF substrate
eventually. Consequently, the selection of a technique to fabricate nanopatterned arrays
becomes a crucial factor affecting the performance of an MEF substrate [18].

It has been reported that the hexagonal close-packed (HCP) nanostructure that is
formed through colloidal lithography techniques can be used as a template for preparing a
highly efficient MEF substrate due to its tunable LSPR field [19]. Among several colloidal
lithography techniques [16,20–23], convective deposition has gained much interest because
of its simplicity, rapidness, and relatively low cost. It is a well-known technique for the con-
vective self-assembly of colloidal nanospheres during solvent evaporation and consequent
formation of a thin film with closed-packed structures using convective steering and capil-
lary interaction [24,25]. However, some persistent problems associated with controlling the
film’s uniformity and defects, including a non-close-packed structure, dislocation, and void,
have occurred frequently [26]. Therefore, many researchers have attempted to improve the
hexagonal close-packing density and the film uniformity of 2D periodic nanopatterns by
adding a surfactant to reduce the surface tension of a solvent, simultaneously introducing
the co-assembly of large and small colloidal particles of different sizes [27–30], or simultane-
ously applying mechanical vibration in the lateral direction to the deposition process, using
a piezo-electric transducer [27,28]. Although these techniques can overcome the dramatic
latency issues of the convective deposition technique, they require complicated steps and
expensive apparatuses [27–30].

Therefore, this work proposed a novel convective deposition method without the
presence of any surfactant to prepare a better 2D periodically nanopatterned film with
high uniformity and lower defect density. The vertical vibration-assisted blade deposi-
tion set was developed using a local and cost-effective apparatus. The effects of vertical
vibration amplitude and frequency on the uniformity, monolayer, and HCP arrangement of
nanopatterned arrays, were also examined to find the optimum condition for achieving the
high surface coverage of a self-assembled colloidal monolayer on a substrate. Furthermore,
the 2D periodic nanopatterned arrays prepared under the optimum condition were used
as a template for coating the Au thin film, using the sputtering technique to prepare the
MEF substrate. Practical use of the fabricated MEF substrate to enhance the fluorescence
intensity of the standard fluorescent dyes, such as rhodamine 6G (R6G), was demonstrated
as well.
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2. Materials and Methods
2.1. Development of the Vertical Vibration-Assisted Blade Coating Set

In this work, a vertical vibration-assisted blade coating set, named as VVBC, was de-
veloped for the first time to fabricate 2D periodic nanopatterned arrays, named VVBC, was
developed for the first time to fabricate 2D periodic nanopatterned arrays. Figure 1 shows the
schematic representing the experimental VVBC setup. A glass slide (76 mm × 26 mm × 1 mm,
Marienfield) was used as a deposition blade and mounted on a rotary arm. The blade angle
(θ) was controlled by a rotary joint and measured by a digital inclinometer. A low-cost
speaker was used as a stage and a vibration transducer simultaneously. The translation of
stage in a horizontal plane was controlled by a linear DC motor (Cool-Muscle, RL-45T-06-
0200-N). The distance between blade and stage was able to be adjusted by using a digital
height gauge (InSize, IN-1151-900).

Figure 1. Schematic representation of the whole setup of the VVBC.

In the deposition process, the linear motor was connected to a laptop for precisely
controlling deposition speed, in the range of 1 µm/s to 0.3 cm/s, using Mach3Mill software.
The speaker was connected to an arbitrary waveform generator (Agilent, Santa Clara, CA,
USA, 33210A) for applying the vertical vibration frequency and amplitude in the range of
40 Hz–15 MHz and 50 mVP-P–10 VP-P, respectively. The deposition system was placed in
an acrylic box for humidity control. The VVBC was assembled as shown in Figure 2.

Figure 2. Digital images of the assembled VVBC.
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2.2. Fabrication of 2D Periodic Nanopatterned Arrays

A silicon wafer was cut into a small piece of 2 cm × 2 cm to be used as a substrate.
After that, it was cleaned with deionized (DI) water and acetone under sonication and dried
under a gentle stream of nitrogen gas. After the drying process, the substrate surface was
modified by a plasma treatment under an oxygen atmosphere to improve its wettability.
The well-treated substrate was placed on the stage at the center of a speaker, and the height
between the blade end and the substrate surface was set to 0.1 mm.

To fabricate 2D periodic nanopatterned arrays, the polystyrene (PS) particles (obtained
from Duke Scientific Corporation, Fremont, CA, USA), with an average particle diameter
of 1.02 ± 0.02 µm in aqueous suspension (1% w/v), were collected in a total volume of
10 µL and injected into the gap between the deposition blade and the substrate. Then,
the substrate was moved horizontally by a linear motor to a distance of 2 cm. The ar-
rangement of PS colloid spheres deposited on the substrate under different deposition
speeds (1–9 µm/s), deposition angles (30◦–60◦), vibration frequencies (50–90 Hz), and
vibration amplitudes (50–150 mVP-P), were investigated. The experiments were carried
out at the room temperature of 25 ± 1 ◦C, with a relative humidity of 55 ± 1% RH. For
each deposition condition, the experiment was repeated 5 times. The optimized condition
to accomplish the highest percentages of deposited area, monolayer structure, and HCP
density of self-assembled periodic PS arrays, was revealed and further used to develop the
MEF substrate.

2.3. Characterization of 2D Periodic Nanopatterned Arrays

The as-prepared PS films were photographed using a digital camera. Then, the
captured images were analyzed using the image processing ImageJ software and MATLAB
to investigate the percentages of the PS-deposited area and monolayer formation. A field-
emission scanning electron microscope (FE-SEM) [Hitachi, Chiyoda City, Japan, SU8030]
was used to observe the microscopic structure of the as-prepared films, and the percentage
of HCP density was evaluated using a numerical method.

2.4. Preparation of MEF Substrate

To prepare the MEF substrate, the 2D periodic nanopatterned arrays prepared under
the optimum condition obtained from previous sections were used as a template for Au
deposition. Firstly, the template was exposed for 5 min of plasma treatment at an operating
power of 30 W and a pressure of 0.2 Torr for adjusting the gap between particles to prevent
a bulk film formation during the Au deposition process [24,25]. After that, the pre-treated
template was coated with a Au thin film using magnetron sputtering. The sputtering
system was evacuated to 5 mTorr, then filled with Ar gas before initiating the sputtering
process at an operating power of 100 W for 10 min. The as-prepared MEF substrate was
cut into pieces sized at 5 mm × 5 mm. The morphology of the Au films deposited onto
the template was observed using FE-SEM. Figure 3 illustrates a schematic of the procedure
used for fabricating the MEF substrate.

2.5. Investigating the Efficiency of MEF Substrate on Fluorescence Signal Enhacement

R6G, which is the standard dye for fluorescence measurement [26], was used to
investigate the efficiency of as-prepared MEF substrates for enhancement of fluorescence
signal. The different concentrations of R6G, from 10−3 to 10−10 M, were prepared by
dissolving R6G powder (Sigma-Aldrich, St. Louis, MO, USA) with DI water. Then, 10 µL of
the R6G solution was pipetted on the MEF substrate and covered with a glass cover slide.

The fluorescence spectrum of R6G was analyzed using a photoluminescence spectropho-
tometer (Photon Technology International, Kyoto, Japan, QM40). The excitation wavelength
was selected at 532 nm, and the emission spectrum was recorded at 500–650 nm [26]. The
average fluorescence intensities reported in this work were obtained from 5 measure-
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ments. The fluorescence enhancement factor (EF) of the MEF substrate was calculated
using Equation (1) [27],

EF =
IMEF − IMEF(blank)

Isi − ISi(blank)
(1)

where IMEF is the average fluorescence intensity of R6G at the maximum emission peak
(λmax) on the MEF substrate, ISi is the average fluorescence intensity of R6G at λmax
on the silicon substrate, IMEF(blank) is the average background fluorescence intensity of
the MEF substrate, and ISi(blank) is the average background fluorescence intensity of the
silicon substrate.

Figure 3. Schematic illustration of the MEF substrate preparation.

In addition, the sensitivity of the MEF substrate on R6G measurement was further
studied by calculating the limit of detection (LOD), Tokyo, Japan the minimum concentra-
tion of the analyte that can be distinguished, and the limit of quantitation (LOQ), Tokyo,
Japan, which is the minimum concentration that can be reliably measured. By recording
the background fluorescence signal (noise) of the silicon and MEF substrates, the LOD and
LOQ can be calculated as 3 σ/S and 10 σ/S, respectively, where σ is the standard deviation
and S is the slope of the calibration curve [31].

3. Results and Discussions
3.1. Effects of Deposition Speed and Deposition Angle on Self-Assembly of PS Colloidal Particles

Firstly, the deposition speed and angle affecting the self-assembly of PS particles on a
silicon wafer substrate using a VVBC without vibration were investigated. The deposition
angle was set at 45◦ and the deposition speeds were adjusted to be 1, 3, 5, 7, and 9 µm/s,
respectively. The film quality of the as-prepared PS microsphere arrays deposited on a
substrate was inspected using a digital camera and an FE-SEM. Figure 4 shows the captured
digital images and FE-SEM images of the self-assembled PS films.

As seen in the digital images of Figure 4, the interference patterns in region 1 could be
viewed directly with the naked eye, indicating the existence of PS particles on the substrate.
This phenomenon was a result of the self-assembly arrangement of the PS spheres in HCP
monolayer arrays acting as a waveguide in the photonic crystal structure [29,32]. A colorful
interference pattern was observed when the angle of incident light was changed, as shown
in Figure 5. Similarly, the FE-SEM images in Figure 4 confirmed the presence of a self-
assembled monolayer of PS spheres. However, the multilayer arrays formation was also
found in region 2, leading to no interference pattern appearance due to Bragg’s law [29,33].
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Figure 4. Digital images and FE-SEM images of the as-prepared PS films at two regions. Grown with
different deposition speeds: (a) 1, (b) 5, and (c) 9 µm/s.

Figure 5. Digital images of the as-prepared PS films deposited on a substrate taken from different angles.

Using an image processing technique to evaluate the percentages of deposited area
and monolayer, it was found that the highest percentage of deposited area and monolayer
were attained by setting the deposition angle and deposition speed at 45◦ and 5 µm/s,
respectively, without vibration assistance, as shown in Figure 6a. However, when the
deposition speed was less than 5 µm/s, the monolayer formation decreased because the
evaporation rate of the solvent was higher than the film formation rate. Furthermore, the
monolayer formation also decreased when the deposition speed was increased to above
5 µm/s, as a result of the slowing film formation rate [31]. This indicated that the deposition
speed of 5 µm/s was close to the evaporation rate of the solvent [29,34,35].

Figure 6. Calculated percentages of deposited area (•) and monolayer (N) of self-assembled PS films
with: (a) varying deposition speed and (b) varying deposition angle.
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By considering the FE-SEM images in Figure 7, it was found that a non-uniform HCP
structure was mostly formed at the deposition speed of below 5 µm/s due to the formation
of multilayers. On the other hand, the uniform HCP structure with several line defects
occurring at the grain boundary was formed at the deposition speed of above 5 µm/s. This
was a result of a non-continuous film structure forming at a deposition speed higher than
the evaporation rate of the solvent [30,35]. The defect-free HCP structure was obtained
under the fixed deposition speed of 5 µm/s. Figure 8a shows the HCP density percentage,
which was calculated using a numerical method. From all results, it could be concluded
that the deposition speed of 5 µm/s was the optimum value to prepare the PS monolayer
with the HCP structure.

Figure 7. FE-SEM images of the self-assembled PS films prepared on a substrate with the deposition
angle of 45◦ and the different deposition speeds: (a) 1, (b) 5, and (c) 9 µm/s.

Figure 8. HCP density percentage of self-assembled PS films with: (a) varying deposition speeds and
(b) varying deposition angles.

After finishing the deposition speed optimization, the effect of the deposition angle on
as-prepared PS films quality was considered as well. The deposition process was carried
out using the VVBC at a deposition speed of 5 µm/s and the deposition angles in a range
of 30◦–60◦ without vibration assistance. Figure 6b shows the effect of deposition angle
on the percentages of the deposited area and monolayer of the self-assembled PS films. It
indicated that the interaction between a colloidal droplet and a substrate at the deposition
angles of 30◦–50◦ was good, resulting in the formation of a large deposited area [33,35].
Especially at the deposition angle of 45◦, the largest deposited area was achieved due to
it occurring the greatest number of interactions. On the other hand, it was found that the
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deposited area significantly reduced when the deposition angle was increased to above 55◦

because the content of the PS colloidal particle residues on the back side of the deposition
blade was low [34]. Figure 8b shows the HCP density percentage, which was calculated
using a numerical method. From all optimizations, it was evident that the optimum
condition for preparing a low-defect PS sphere monolayer film was the deposition speed of
5 µm/s and the deposition angle of 45◦. However, the film quality could be improved by
applying external energy to a PS particle during the coating process. With the appropriate
energy, the particles attempt to reduce their surface energy by arranging into a close-packed
structure [36,37]. In this work, a vertical vibration was therefore used as a method for
applying energy to particles. The appropriate values of vibration frequency and vibration
amplitude were determined with certainty.

3.2. Effects of Vibration Frequency and Vibration Amplitude on Self-Assembly of PS
Colloidal Particles

To determine the effect of applying vertical vibration during a coating process, the
process was conducted under the following conditions: the deposition angle was 45◦, the
deposition speed was 5 µm/s, the vibration frequencies were varied in a range of 50–90 Hz,
and the vibration amplitudes were 50 and 100 mVP-P. Figure 9 shows the obtained result; it
was found that applying vertical vibration to a coating process obviously affected the film
quality, especially the HCP and monolayer formation occurring in the presence of meniscus
stability [38]. At a frequency of 80 Hz and an amplitude of 100 mVP-P, the film quality
was dramatically improved because this frequency might be close to the natural frequency
of PS colloidal particles with a diameter of 1 µm, resulting in particle vibration at its
highest energy. With the increasing vibration energy, the evaporation rate of the suspension
increased due to the heat generated from the oscillation, leading to the increase in deposited
area and the decrease in interfacial tension between PS particles [28]. The results showed
that the colloidal particles of the 2D hexagonal array was successfully prepared by the
combination of a convective deposition with substrate vibration in a vertical direction.

Figure 9. Percentages of deposited area, monolayer, and HCP density of self-assembled PS films with
vibration frequency and amplitude.

3.3. Fluorescence Enhancement Efficiency of the Developed MEF Substrate

Figure 10a,b clearly show that the morphology of the 2D periodic nanopatterned
template could be modified using a plasma treatment. By depositing Au thin film on
the modified template, the MEF structure exhibited the larger particle size, increasing the
surface roughness, as seen in Figure 10c. In Figure 10d, the inter-particle distance was
approximately 61 ± 1.8 nm, corresponding with the desirable distance [3,11].
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Figure 10. FE-SEM images of: (a) as-prepared 2D periodic nanopattern template, (b) modified
template, and (c) and (d) MEF substrate.

Figure 11 shows the fluorescence spectra of R6G with an emission peak at 556 nm on
the silicon and MEF substrates. Using the silicon substrate, the fluorescence spectra of R6G
were unable to observe at a concentration of below 1 × 10−6 M, as shown in Table 1. On
the contrary, with the presence of the MEF substrate, the fluorescence spectra of R6G were
able to record down to 1 × 10−8 M due to the MEF effect. The developed MEF substrate
showed a good performance for R6G fluorescence enhancement due to the gap size of
61 ± 1.8 nm, as shown in Figure 10d, corresponding to the required feature size for the
MEF phenomenon. This hotspot acted as an amplifier for the surrounding R6G molecules,
resulting in a higher fluorescence intensity. Moreover, the surface roughness of metals
deposited on the MEF substrate also played an important role in providing more LSPR
fields, causing the increase in fluorescence intensity [39]. However, at a high concentration
of R6G, the enhancement factor reduced due to the concentration quenching effect [40].
To estimate the fluorescence enhancement efficiency of the MEF substrate, the LOD and
LOQ were determined. The calculated LOD and LOQ were found to be 3.3 × 10−9 M and
1.01 × 10−8 M, respectively.

Figure 11. Fluorescence spectra of R6G solution measured on: (a) silicon substrate and (b) MEF substrate.
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Table 1. Fluorescence intensity of R6G measured on silicon substrate and MEF substrate.

R6G Concentration
(M)

Fluorescence Intensity (a.u.) Enhancement Factor
(Fold)Silicon Substrate MEF Substrate

1 × 10−3 573.99 2973.94 5.19
5 × 10−4 476.42 2750.89 5.77
1 × 10−4 346.27 2445.67 7.06
5 × 10−5 273.55 2274.48 8.31
1 × 10−5 162.054 1917.41 13.62
5 × 10−6 95.072 1672.84 17.59
1 × 10−6 47.18 1411.94 51.22
5 × 10−7 N/A 1228.38 N/A
1 × 10−7 N/A 895.32 N/A
5 × 10−8 N/A 666.29 N/A
1 × 10−8 N/A 346.12 N/A

Where N/A = not available.

4. Conclusions

A novel method for preparing a large-area monolayer of 2D periodic nanopatterned
arrays using the vertical vibration-assisted convective deposition technique has been suc-
cessfully proven in this work. It was an alternative method for preparing 2D periodic
nanopatterned arrays with relatively low costs and simplicity compared to those reported
in previous works [27,28,41,42]. The developed MEF substrate showed high performance
in the fluorescence signal enhancement of R6G. The results suggest that the developed
MEF substrate is a potential tool for R6G label-based fluorescent detection. Furthermore,
the developed MEF can be utilized for fluorescence enhancement of other fluorescent dyes
with the excitation and emission wavelengths in a range of 500–650 nm, such as Cyanine-3
(Cy3), Maleimide, Tetramethylrhodamine (TRITC), DyLightTM 550, and so on. However,
according to LSPR phenomenon’s dependence on the metal nanostructure, the fluorescence
enhancement efficiency of the developed MEF can be further improved by decreasing the
gap between particles [43] through decreasing the plasma treatment time on a nanopat-
terned PS template or increasing the Au thin film deposition time. For the applications
on fluorescence-based biosensor platforms using this developed MEF substrate, it is being
studied by our research group, and the results are expected to be presented soon.
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