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Pure Ag nanoparticles (NPs) were synthesized on glass substrates by laser dewetting and then modified with
hafnium dioxide (HfO2) by a sputtering process. The optical properties and melamine detection performance of
the modified Ag NPs were investigated. The results showed that the Ag NPs produced in the laser dewetting
process with accumulated unit volume energies of 0.2-3.67 kJ/mm?s had a size of 51-107 nm. Furthermore, the
Ag NPs exhibited an optical absorption peak in the wavelength range of 429-495 nm. A strong Raman signal
fingerprint peak was observed at 701 cm ! in a 10~ M melamine solution. The corresponding analytical

enhancement factor (AEF) was 1.9 x 102 For the Ag@HfO, NPs, localized surface plasmon resonance (LSPR)
occurred at 584-800 nm, with an AEF of 2.3 x 10*. The limit of detection for melamine using the Ag@HfO, NPs
was 107> M. Moreover, the Ag@HfO, NPs showed a more stable Raman spectrum than the Ag NPs. Hence, the
potential of the Ag@HfO NPs for melamine detection was confirmed.

1. Introduction

Melamine (1,3,5-Trizaine-2,4,6-triamine) is a triazine nitrogen-
containing heterocyclic organic compound (CsHgNg) with a high nitro-
gen content, high hardness, superior heat resistance, and good flame
retardancy. It is commonly used to fabricate melamine tableware,
thermosetting coatings, retardant, and so on. However, following the
tainted milk powder incident in China in 2008, the addition of melamine
to food products has been recognized as an important concern [1].
Although melamine has low toxicity, its long-term consumption can lead
to kidney stones, bladder cancer, and other diseases [2]. Therefore,
accurate methods for determining the concentration of melamine in
foods and beverages has become an important issue in the food safety
and monitoring field.

Various methods are available for detecting melamine, including
high performance liquid chromatography ultraviolet spectrometry
(HPLC/UV), liquid chromatography tandem mass spectrometry (LC-MS/
MS), and gas chromatography mass spectrometry (GC/MS). Two
screening methods dedicated to the determination of melamine in cow’s
milk. Screening methods are enzyme-linked immunosorbent assay
(ELISA) and liquid chromatography coupled to ultraviolet detection.
ELISA offers a semi-quantitative determination of melamine and allows
the rapid detection of melamine in several samples analyzed in parallel
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[3]. Moreover, some studies verified that the detection of melamine in
aquaculture feed and milk samples based on molecularly imprinted
solid-phase extraction and N-methylmesoporphyrin IX/G-quadruplex
structure, respectively [4,5]. Among these methods, one of the most
commonly used is Raman spectrometry, which measures the vibration
spectrum of a specific molecule or lattice and is frequently combined
with the detection of nanoparticles (NPs) in a technique known as
surface-enhanced Raman scattering (SERS) [6,7]. Zhao [8] reported that
determination of melamine by SERS spectroscopy using starch-coated
silver nanoparticles as substrates. The limits of detection (LOD) of the
melamine in the range of 2.0-50.0 mg L™ were computed based on 3
times the standard deviation of the blank signal. Inamuddin et al. [9]
showed an eco-friendly and robust silver nanoparticles (AgNPs) as a
simple and sensitive probe for the detection of melamine in biological
samples. The limit of detection was 0.070 ppm.

In addition, some studies showed that nanoparticles were synthe-
sized on different substrates by a chemical process and the SERS signal
intensity of melamine could be observed. Cheng [10] reported that
SERS-active AgNR array substrates were fabricated using oblique angle
deposition in a custom-built electron beam evaporation system. The
determination of melamine content in animal feed was developed and
the limits of detection were 0.9 pg-g~*. The gold nanoparticles (AuNPs)
onto g-C3N4/Ni3N (Au/g-C3N4/Ni3N) nanocomposite material were
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Fig. 1. SEM surface morphology images of: (a) Ag film, (b) Ag NPs, and (c) Ag@HfO,. (Note that EDS mapping results are provided in upper-right corner in

each case.).

used for the SERS-based melamine detection and the average enhance-
ment factor is evaluated to be 2.56 x 107 [11]. Zinc gallate (ZnGay04)
nanorod arrays grown on a Si substrate by chemical vapor deposition
were used as templates to fabricate SERS substrates by deposition of Ag
nanoparticles onto the ZnGa;0O4 nanorod surfaces [12]. The SERS signal
intensity of melamine decreased greatly as the concentration of benzoic
acid was increased. A significant SERS enhancement from silver
nanoparticle-decorated ZnO nanowires to the Raman spectra of mel-
amine solutions was demonstrated [13]. In addition. hydrophobic car-
bon/silver (0oCDs/Ag) nanoparticles were synthesized in one step by
mixing hexadecylpyridinium chloride monohydrate and AgNOs in the
presence of NaOH. The SERS platform was applied in the melamine
detection in water and milk, which exhibits a good linear property in the
range from 0.01 ppm to 100 ppm, and low limit detection of 9 ppb [14].
Yang et al. [15] also reported that detection of melamine by using
carboxyl-functionalized Ag-covalent organic framework as a novel SERS
substrate. The linear range was 1-20 pg/L and the limit of detection
(LOD) was 0.68 pg/L in liquid milk. Raman spectroscopy provides a
quick and effective means of detecting melamine and is characterized by
a prominent peak at 682 cm™! in the Raman spectrum, referred to as the
fingerprint peak of melamine [16-24].

Among the many NPs which have been developed, Ag and Au NPs
have a particularly good SERS performance due to their special optical
properties, which result in a unique and strong localized surface plas-
mon resonance (LSPR) phenomenon [14] and the SERS detection is
widely used in many applications. One of the most convenient methods
for fabricating metal NPs is that of laser dewetting, in which the spon-
taneous self-assembly of NPs is induced through the effects of surface
energy minimization in response to the irradiation of the metal layer by
a laser beam [25-28]. In recent years, a new Raman spectroscopy
technique known as shell-isolated nanoparticles enhanced Raman
spectroscopy (SHINERS) has been proposed [15], in which an ultra-thin
ceramic shell is deposited on the surface of the metal NPs to enhance the
Raman signal. The ceramic shell not only maintains the spherical shape
of the NPs, but also prevents their direct contact with the analyte,
thereby reducing the background noise and improving the stability and
reproducibility of the Raman signal. However, the choice of shell ma-
terial is critically important. As a protective layer, hafnium dioxide
(HfO3) has excellent stability, reproducibility, and low thermal con-
ductivity. Furthermore, as a shell coating, it allows light to penetrate and
minimizes the impact of photoelectricity on the metal NPs [16].
Consequently, this study examines the feasibility for utilizing Ag NPs
coated with ultrathin HfOgshells to perform the Raman detection of
melamine.

2. Materials and methods

Glass substrates with a thickness of 0.7 mm and transmittance of
90% at a wavelength of 550 nm were purchased from Ruilong Opto-
electronics Co. Ltd., Taiwan. The substrates were cleaned sequentially in
acetone, ethanol and deionized water for 20 min each time and were
then dried in air. Ag and Ag@HfO, films were deposited on the cleaned
glass substrates using a high-vacuum sputtering system (KD-

SPUTTER+LL, Kao Duen Co., Ltd, Taiwan). The chamber pressure was
reduced to less than 6 x 107 torr and high purity argon (Ar) gas was
introduced into the chamber at a flow rate of 30 standard cubic centi-
meters per minute (sccm) to maintain a working pressure of 5 x 1073
torr. The Ag and HfO, targets had purities of 99.99% and a diameter of
50.8 mm.

10-nm Ag films were deposited on the glass substrates using a
working power of 60 W and a deposition time of 45 s. The Ag films were
dewetted by a CW laser system (R4 HS Series, SPI) with a wavelength of
1070 nm and a spot size of 19 um. The dewetting process was performed
using duty cycles of 30%, 50% and 100%, laser powers of 15, 20, 25 and
30 W, and scanning speeds of 50, 100, 300 and 500 mm/s. A 2-nm layer
of HfO, was then deposited on the Ag NPs using a working power of 80
W and deposition time of 43 s

The surface morphologies of the NPs were observed by a Field-
Emission Scanning Electron Microscope (JSM-7600 F). The size and
number of the NPs formed under the different dewetting condition were
quantified using ImageJ software (National Institutes of Health, USA).
The optical properties of the NPs were analyzed using a UV-vis spec-
trophotometer (Lambda 35, PerkinElmer) at wavelengths ranging from
300 to 800 nm. The feasibility of the Ag NPs for SERS detection, and the
Ag@HfO, for SHINERS detection, was investigated using aqueous mel-
amine solutions with concentrations ranging from 107>-10"% M”. The
SERS spectra of the melamine solutions for the various Ag NP and
Ag@HfO, substrates were acquired by a confocal Raman micro-
spectrometer (MRI532S) with a wavelength of 532 nm, a Raman
power of 30 mW, an integration time of 10 s, and 5 times.

3. Results and discussions

The as-deposited Ag film had a smooth and continuous surface, as
shown in Fig. 1(a). However, in the laser dewetting process, the laser
energy induced the formation of silver NPs in accordance with the
principle of surface energy minimization (see Fig. 1(b)). A 2-nm HfO,
film was deposited on the NPs to form an Ag@HfO5 shell structure, as
shown in Fig. 1(c).

Fig. 2(a)-(c) present histograms of the NP size for the Ag films
dewetted using duty cycles of 100%, 50% and 30%, respectively, and
laser powers and speeds in the range of 15-30 W and 50-500 mm/s. It is
seen that the overall particle size ranges from 51 to 107 nm. For a given
duty cycle and laser speed, the NP size decreases as the laser energy (i.e.,
laser power) increases. The minimum particle size of 51 nm is obtained
at a duty cycle of 30%, a scanning speed of 50 mm/s, and a laser power
of 30 W. For a constant duty cycle and laser power, the NP size increases
with an increasing scanning speed. The maximum particle size of
107 nm is achieved using a duty cycle of 100%, a power of 15 W, and a
speed of 500 mm/s.

The dewetting results obtained under different processing conditions
were quantified using the following unit volume energy (UVE) measure:

UVE( ) * overlapping ratio (€]
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Fig. 2. Ag NP size histograms for different duty cycles, laser powers and scanning speeds: (a) 100%, (b) 50%, and (c) 30%.



H.K. Lin et al.

(c) 50 mm/s

100 mm/s

Sensors and Actuators: A. Physical 364 (2023) 114789

300 mm/s 500 mm/s

100 100 100 100
$0 50 . $0 50
60 60 & 60 60 o
- - - -
] 8 - 8
s s s s
15 w e 4 2 4 o 4 ° 1
~ ~ ~ ~
20 20 20 l 20
0 0 0 0
60 50 100 120 60 50 100 120 50 100 120 140 60 50 100 120 140
i i Diameter i
100 Diameter (nm) 100 Diameter (nm) 100 ter (nm) 100 Diameter (am)
50 50
" 60 . " - k -
20W § : : :
2 Fl s s
S w0 ° 2 °
~ ~ hd ~
20 2
60 $0 100 120 140
100 Diameter (nm) 100 Diameter (nm)
DALOT
$0
60
z z 2z gz
= = = =
2 F] H s
25W & £ H 2w
~ ~ bl ~
20 .IIII
0
$0 100 120 140 60 $0 100 120 140
100 Diameter (nm) 10 Diam eter (nm) 100 Diameter (nm) Diameter (nm)
$0
60
2 2 2z
30W ¢ : H
8 o ° 40
] ¥ %

Diameter (nm) Diameter (nm)

60 $0 100 120

Diameter (nm) Diameter (nm)

Fig. 2. (continued).
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Fig. 3. Variation of Ag NP size with unit volume energy given different duty cycles: (a) 100%, (b) 50%, and (c) 30%.

where W is the laser power, R is the radius of the laser spot, V is the laser
scanning speed, and the overlapping ratio is defined as

1— F
D+ VT

Overlapping ratio(%) = * 100% 2)

where F is the laser frequency, D is the diameter of the laser spot, and T is
the laser pulse width (calculated as 10 ps x duty cycle).

Fig. 3 shows that the particle size reduces approximately linearly
with an increasing UVE for all three duty cycle ratios. For a duty cycle of
100%, the particle size varies between 73 and 102 nm for volume en-
ergies in the range of 0.2-1.1 kJ/mm?3. For a duty cycle of 50%, the
particle size varies in the range of 72-95 nm for volume energies of
0.2-2.2 kJ/mm?®. Finally, for a duty cycle of 30%, the NPs have a size of

51-107 nm for UVEs in the range of 0.2-3.67 kJ/mm?®. Overall, the re-
sults indicate that the NP size reduces with an increasing unit volume
energy and a reducing duty cycle.

Fig. 4 shows the LSPR spectra of the pure Ag film, Ag NPs and
Ag@HfO, sample, respectively. For the Ag film, no obvious absorption
peak occurs. However, after the laser dewetting process, a strong ab-
sorption peak is observed at a wavelength of around 485 nm. Moreover,
for the Ag@HfO, sample, the absorption peak shifts to 690 nm and
becomes broader with a wavelength range of 584-800 nm.

Fig. 5(a—c) show the correlation between the LSPR peak spectrum of
the Ag NP sample and the UVE for duty cycles of 100%, 50% and 30%,
respectively. In general, the peak absorption wavelength varies in the
range of 429-495 nm for the considered dewetting conditions. The
absorbance peak wavelength reduces as the laser power increases due to
the smaller NP size. Conversely, the wavelength peak increases with an
increasing laser scanning speed due to the larger NP size. Fig. 5(d-f)
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Fig. 4. LSPR spectra of pure Ag film, dewetted Ag film and Ag@HfO.

show the correlation between the LSPR peak position and the UVE for
the Ag@HfO, sample. As for the Ag NP sample, the absorption wave-
length decreases with an increasing UVE and a decreasing duty cycle.
However, for the Ag@HfO, sample, the HfO, shell blocks the direct
contact between the irradiating beam and the Ag NPs, and hence,
compared to the Ag NP sample, the LSPR wavelength is increased under
the same dewetting conditions.

Fig. 6(a—c) show the Raman spectra obtained for 10~3 M melamine
solutions in contact with the Ag films processed using duty cycle ratios
of 100%, 50% and 30%, respectively. The Raman signal peak of mel-
amine has been detected during these laser parameters. For all three
duty cycle ratios, the peak Raman intensity signal (i.e., the fingerprint
peak of melamine) is located at around 701 cm ™! and is contributed by
the scissor vibrations of the melamine triazine ring in the ring breathing
mode II [18,23]. Fig. 6(d-f) show the Raman spectra for the Ag@HfO»
sample in contact with the 10”3 M melamine solution. It is evident that

Sensors and Actuators: A. Physical 364 (2023) 114789

the HfO, shell greatly increases the intensity of the Raman spectra
compared to those of the uncoated Ag NP sample. The Raman peak at
493 cm™! corresponds to & (-C=N) in-plane bending vibration of the
melamine signal [19], while that at 983 cm ™! is produced by the mixed
vibration of § (CNC) and & (NCN) [18], and those at 1222, 1374 and
1640 cm ™}, respectively, are caused by vibrations such as stretching and
bending of the C-N bonds [29].

Fig. 7(a) shows the Raman spectra obtained for melamine solutions
with different concentrations in contact with the Ag NP sample. The
results indicate that melamine detection can be performed for concen-
trations of 103 to 10~ M. However, the peak intensity at 701 cm ™}
weakens as the melamine concentration reduces, and no fingerprint is
observed when the concentration reaches 10~> M. Fig. 7(b) shows the
corresponding spectra for the Ag@HfO4 sample. With the addition of the
HfO, shell, melamine detection can be detected even at a weak con-
centration of 107> M. In other words, the HfO, shell increases the limit
of detection (LOD) for melamine from 10~% M to 10~> M.

The LOD enhancement of the Ag@HfO, sample compared to that of
the Ag NP sample can be evaluated by means of the following analytical
enhancement factor (AEF):

AEF = (Isers/Csers)/(Irs /Crs) 3

where I is the Raman intensity of the SERS-enhanced signal, Cgers is
the melamine concentration associated with I, I is the intensity of
the Raman signal without SERS enhancement, and Cys is the melamine
concentration associated with I . Table 1 lists the LOD and AEF values of
the Ag NP and Ag@HfO; samples. The AEF values of the two samples are
1.9 x 10% and 2.3 x 10%, respectively. In other words, the HfO, shell
structure increases the AEF by around 120 times.

To investigate the practical feasibility of the Ag@HfO, sample as a
SHINERS substrate, the Ag NP and Ag@HfO, samples were held in air
for up to 4 weeks. Fig. 8 shows the Raman spectra obtained for the two
samples after different aging periods for a melamine solution with a
concentration of 10~ M. The Ag NP sample shows a clear melamine
fingerprint peak at 701 cm™'; however, the intensity of the peak
weakens as the aging time increases, and no signal is detected after 28
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Table 1

LOD and AEF of Ag NPs and Ag@HfO,.
Sample LOD (M) AEF
Ag NPs 1074 1.9 x 102
Ag@HfO, 1075 2.3 x 10*

days (Fig. 8(a)). By contrast, the Ag@HfO, sample provides an obvious
and strong melamine peak even after 28 days (Fig. 8(b)). Moreover, the
Ag@HfO, sample provides a stable Raman response over the complete
aging period, as shown in Fig. 8(c). In other words, the Ag@HfO, sample
provides a feasible, long-term SHINERS substrate for melamine
detection.

4. Conclusions
This study has used a laser dewetting process to produce Ag NPs on

glass substrates. The NPs have been coated with HfO, and applied for
melamine detection. The results have shown that, in the dewetting

process, Ag NPs are formed for unit volume energy values in the range of
0.2-3.67 kJ/mmS>. The Ag NPs have a regular array and uniform size
with a mean diameter of around 51-107 nm, depending on the pro-
cessing conditions. The LSPR absorbance wavelength of the Ag NP
sample varies in the range of 429-495 nm and undergoes a red shift as
the unit volume energy decreases. For the Ag@HfO, sample, the LSPR
absorbance wavelength lies in the range of 584-800 nm. When applied
to melamine detection, the Ag NP sample has shown a Raman limit of
detection of 10~* M melamine and an AEF of 1.9 x 102 However, the
Ag@HfO, sample has shown a more stable fingerprint peak, a lower
detection limit of 10> M, and an increased AEF of 2.3 x 10*. Hence, the
potential of the Ag@HfO, sample for melamine detection has been
confirmed.
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