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A B S T R A C T   

Ag thin films were deposited on glass substrates by a high vacuum sputtering system. The films were then 
processed by three different dewetting methods: thermal aging, pulse-laser irradiation, and two-step dewetting 
(thermal aging and laser irradiation). The morphologies, crystalline structures, optical properties, Raman signal 
intensity, and antibacterial efficiency of the dewetted Ag films were analyzed and compared. The island struc
tures of the as-sputtered Ag film were transformed into nanoparticles as the annealing temperature increased. 
Furthermore, the nanoparticle size decreased with an increasing laser energy. The two-step dewetting process 
resulted in the formation of small nanoparticles with a narrow size distribution and a strong SPR intensity. A 
strong Raman peak was also observed for a 1000 ppm melamine aqueous solution deposited on the dewetted 
surface. The two-step dewetted film showed a better antibacterial efficiency against Escherichia coli, Staphylo
coccus aureus and Pseudomonas aeruginosa bacteria than the films processed by thermal aging or laser dewetting 
alone. Moreover, the two-step dewetted Ag film induced a greater ROS generation rate after contact with the 
Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa bacteria for 24 hr. The greater antibacterial 
efficiency and Raman signal intensity of the two-step dewetted film were both attributed to the effect of the small 
nanoparticles in increasing the contact area between the dewetted surface and the bacteria or melamine solution, 
respectively. Overall, the two-step dewetting process appears to be a promising approach for the fabrication of 
uniform small-sized nanoparticles for a wide range of applications.   

1. Introduction 

Nanoparticles (NPs) are widely used in many fields nowadays, 
including optoelectronics [1], biomedicine [2,3], anti-microorganisms 
[4,5], and Raman detection [6,7]. Noble metal NPs (e.g., Au, Ag, and 
Cu) have attracted particular attention due to their strong surface 
plasmon resonance (SPR) effect and excellent electric field properties 
[8]. The superior SPR properties of such NPs are due to their element 
composition, size, and shape, and are also strongly affected by the local 
dielectric environment [9,10]. Noble metal NPs enhance the heat spot 
effect in surface enhanced Raman spectroscopy (SERS), and are there
fore extensively used in medical diagnosis [11], plant pathogen detec
tion [7], and food safety monitoring [12]. 

NPs can be produced by many methods, including chemical [13], 
hydrothermal [14], methanol catalysis [15] and laser dewetting 
[4,5,16–18]. However, metal NPs produced by chemical techniques 
typically show a poor adhesion to the substrate. Furthermore, the NPs 

prepared using hydrothermal or methanol catalysis methods suffer the 
disadvantages of incomplete crystal growth information [19]. Accord
ingly, the use of dewetting techniques to induce small particles or 
nanostructures on the substrate surface has attracted growing attention 
in recent years [16,20]. The dewetting mechanism exploits the natural 
tendency of thin films to minimize the interfacial energy or free surface 
energy when exposed to heating [16,20]. General physical dewetting 
methods are time consuming and result in a non-uniform distribution of 
the NP size [20]. However, laser dewetting, with its advantage of a 
strong local heating effect, provides a simple, convenient and low-cost 
approach for forming NPs with properties governed by the laser pa
rameters [4,5,18]. 

The following controlled-dewetting approaches for metallic nano- 
structuring can be found in these literatures: (1) dewetting of films on 
pre-patterned substrates [21,22], (2) dewetting of template-confined 
film [23,24], and (3) dewetting driven by nanoscale Rayleigh-Taylor 
instability [25–27]. Moreover, the characteristics of silver 
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nanostructures created by pulsed laser annealing in the air and an 
additional heating up to a temperature of 220 ◦C was implemented to 
avoid thermomechanical stresses during laser exposure [28]. While the 
dewetting of single-layer thin silver films using nanosecond pulsed laser 
irradiation has been reported to make Ag NPs on various substrates of 
quartz [29], glass [30–32], mica [33], and SiO2 [34]. Moreover, previ
ous research in recent year has shown that laser dewetting process can 
apply to various fields due to their adjustable and resilient process such 
as biomedical [4,5], Raman detection [6], surface plasma resonance 
behaviors [18]. It showed the potential for developing the laser dew
etting technique and used for different areas. Some studies have sug
gested the mechanisms and methods of dewetting process. However, the 
two-step dewetting process and the different density of Ag NPs distri
bution against antibacterial affect and Raman detection was rarely 
studied. 

Therefore, the present study prepares NPs in Ag thin films deposited 
on glass substrates using three different dewetting processes, namely 
thermal aging, pulse-laser irradiation, and two-step thermal aging fol
lowed by laser irradiation. The microstructures, size distributions, op
tical properties, and crystalline characteristics of the NPs formed using 
the three different methods are investigated and compared. The Ag NPs 
induced by the two-step dewetting process are then applied for mel
amine detection and antibacterial activity tests, respectively. In general, 
the results show that the Ag NPs have a narrow-size distribution with 
excellent SPR, Raman, and antibacterial properties. 

2. Materials and methods 

Glass (CK) substrates with a thickness of 0.7 mm and transmittance 
of 90% at a wavelength of 550 nm were purchased from ruilong com
pany, Taiwan. The substrates were cleaned in acetone, ethanol, and 
deionized water for 5 mins and then dried in air. 10-nm thickness Ag 
thin films were deposited on the glass substrates by a high vacuum 
sputtering system (KD-SPUTTER + LL, Kao Duen Co., Ltd, Taiwan). The 
microstructures of the as-sputtered films were examined by an X-ray 
Diffractometer (D8, Bruker, USA) with Cu-Kα radiation (λ = 0.154 nm). 
Thermal dewetting was performed in an RTA furnace with an Ar at
mosphere at temperatures of 200, 300, and 400 ◦C, respectively, and a 
holding time of 2 min in each case. Consequently, laser dewetting was 
performed using a pulsed NIR fiber laser system (G3-SM, UK) with a 
wavelength of 1064 nm and the spot size of 40 μm. The irradiation 
process was performed using a high repetition rate of 400 kHz, a scan
ning speed of 400 mm/s, and laser powers of 2, 6 and 8 W, respectively. 
Finally, the two-step dewetting process was performed by aging the as- 
sputtered film at 200 ◦C for 2 min and then irradiating the film using a 

laser repetition rate of 400 kHz, a scanning speed of 400 mm/s, and laser 
powers of 2, 6, and 8 W, respectively. The following overlap percentage 
can be defined: 

Overlap (%) =

⎛

⎜
⎝1 −

v
f

D + vt

⎞

⎟
⎠× 100 (1)  

where v is the scan speed, D is the diameter of the laser spot (40 μm), and 
t is the pulse width (200 ns). 

The overlap percentage can be acquired by Eq. (1) and it is 98%. 
The fluence of the laser is given by. 

Fluence (J/cm2) =
P
f

πr2 (2)  

where P is laser power (W), f is the repetition rate (Hz) and r is the radius 
of the laser spot (20 μm). The fluence are 0.4, 1.2 and 1.6 J/cm2 for 2, 6 
and 8 W, respectively. 

The NPs size and amount of captured images were quantified by the 
ImageJ software (National Institutes of Health, USA). The absorption 
properties of the as-sputtered film and dewetted Ag films were measured 
by a spectrophotometer (Lambda 35, U.S.A). The wettability of the films 
was measured by a contact angle system (OCA 15EC, Germany). The 
feasibility of the dewetted Ag films for Raman detection was investi
gated using an aqueous melamine solution with a concentration of 1000 
ppm. The Raman spectra of the melamine solution on the various 
dewetted Ag films were measured by a Micro Raman system with a 
wavelength of 532 nm (MRI532S, Taiwan). Escherichia coli 
(ATCC23815), Staphylococcus aureus and Pseudomonas aeruginosa were 
cultured in lysogeny broth at 37 ◦C and agitated at 150 rpm for 8 h. The 
cultured bacteria were then seeded on blank glass slides and dewetted 
Ag films with a concentration of 105 ml/colony-forming units (CFUs) 
and incubated at 37 ◦C for 24 h under 100% relative humidity (RH) 
conditions. The resulting solutions were diluted, plated on nutrient agar 
(NA) and incubated at 37 ◦C for a further 8 h. The CFUs were then 
counted. Finally, the reactive oxygen species (ROS) generation rate of 
the as-sputtered and dewetted Ag films was evaluated by staining with 
H2DCFDA for 20 min and then performing fluorescence microscopy 
observations. 

Fig. 1. (a) SEM image of 10-nm Ag film deposited on glass; (b, c, d) thermal dewetted Ag films with holding time of 2 min and holding temperatures of 200, 300, and 
400◦; (k) corresponding size distribution of NPs; (e, f, g) laser dewetted Ag films with repetition rate of 400 kHz, scanning speed of 400 mm/s, and laser powers of 2, 
6, and 8 W (fluence were 0.4, 1.2 and 1.6 J/cm2), respectively; (l-m) corresponding size distributions of NPs; (h, i, j) two-step dewetted Ag films (thermal dewetting at 
200 ◦C for 2 min followed by laser irradiation with parameters of 400 kHz; 400 mm/s; 2, 6, and 8 W (fluence were 0.4, 1.2 and 1.6 J/cm2), respectively; (n-p) 
corresponding size distributions of NPs. 
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3. Results and discussions 

3.1. Effects of thermal, laser and two-step dewetting process on surface 
morphology and NP formation 

Fig. 1(a) shows the surface morphology of the as-sputtered 10-nm Ag 
film. Fig. 1(b)-(d) show the morphologies of the dewetted films annealed 
at temperatures of 200, 300, and 400 ◦C for two minutes, respectively. 
For annealing temperatures of 200 and 300 ◦C, the energy input is 
insufficient to dewet the Ag film completely, and hence island-like 
structures are formed. For a higher temperature of 400 ◦C, NPs are 
produced. However, they have an uneven size distribution. Fig. 1(e)-(g) 
show the surface morphologies of the Ag films processed by pulse-laser 
irradiation with a repetition rate of 400 kHz, a scanning speed of 400 
mm/s, and laser pulse powers of 2, 6, and 8 W, respectively. For a laser 
power of 2 W (Fig. 1(e)), island structures are formed since the input 
energy is insufficient to form NPs. However, for higher laser powers of 6 
and 8 W (Fig. 1(f)-(g)), the film is fully dewetted into NPs. The results are 
thus consistent with those of previous studies which showed that NPs are 
only formed once the laser pulse energy exceeds a certain critical 
threshold [16,18,20]. Fig. 1(h)-(j) show the surface morphologies of the 
Ag films thermally dewetted at 200 ◦C for 2 min and then irradiated with 
a repetition rate of 400 kHz, a scanning speed of 400 mm/s, and laser 
pulse powers of 2, 6, and 8 W, respectively. It is seen that NPs are formed 
in every case and have a uniform and smaller size than those produced in 

the thermal aging and laser irradiation dewetting processes. Fig. 1(k-p)) 
show the size distributions of the NPs produced in the Ag films processed 
using the various dewetting methods (thermal, laser, two-step dewet
ting). For all of the films, the particle size has a normal distribution with 
a range of 90 ~ 240 nm. For the thermally-aged (Fig. 1(k)) and laser- 
irradiated, (Fig. 1(l-m)) films, the particles have a relatively broad size 
distribution. Moreover, in the case of the laser dewetted film, the mean 
particle size reduces with an increasing laser power. For the two-step 
dewetting process (Fig. 1(n-p)), the particles have a narrow size distri
bution and the minimum mean particle size is obtained for a laser power 
of 8 W. 

Fig. 2 shows the effects of the various dewetting mechanisms on the 
formation of Ag NPs in the Ag film. In general, dewetting involves the 
rupture of a thin liquid film on a substrate and the subsequent formation 
of droplets or NPs [20]. Dewetting is induced by atomic diffusion and 
can be driven by either minimum surface energy or minimum interface 
energy [16,18,20]. Typically, the dewetting efficiency is reduced in 
metallic thin films with a large atomic volume, and the resulting NPs 
tend to have a larger size and a lower density. For the present Ag thin 
films processed by thermal dewetting, island structures are formed at the 
edge of the film as the annealing temperature increases from 200 to 
300 ◦C due to the aggregation of the Ag atoms. These island structures 
then transform to NPs as the temperature further increases to 400 ◦C. 
Solid-state dewetting of thin metallic films deposited on an inert sub
strate is considered as a simple method for the fabrication of metal 

Fig. 2. Dewetting mechanisms of different Ag NP fabrication methods.  

Fig. 3. Absorption spectra of: (a) as-sputtered 10-nm Ag film, and (b) dewetted Ag films.  
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nanoparticles [22]. It occurs via diffusion even in the solid state at the 
temperature well below the melting point (961 ◦C) of the Ag films. For 
the Ag film treated by pulse-laser irradiation, the film first transforms 
into island structures under a low irradiation power, and these struc
tures then further transform to small particles with a broad size distri
bution as the laser power increases. For both films, NP formation 
commences from the island structures rather than the continuous as- 
sputtered film. Thus, in the proposed two-step dewetting process, the 
Ag film was pre-annealed in order to create island structures, and laser 
irradiation was then performed to generate NPs with a narrow size 
particle size distribution. 

3.2. Optical absorption properties of dewetted Ag films 

Fig. 3(a) shows the absorption spectrum of the as-deposited Ag film. 
The absorption intensity of 10 nm Ag thin film in the wavelength of 
1064 nm was 0.33 a.u (Fig. 3 (a)). No absorption peak is observed since 
the energy input during the sputtering process is insufficient to induce 
NPs (Fig. 1(a)). Fig. 3(b) presents the absorption spectra for the three 
dewetted Ag films. All the films show a strong SPR peak in the range of 
400–500 nm. The results are thus consistent with those of a previous 
study which also showed a strong absorption peak for Ag films at 
wavelengths of 400–500 nm [16]. Fig. 3(b) shows that the absorption 
spectrum reveal that the SPR peak can also be found at wavelengths of 
350–370 nm in laser dewetting and two-step dewetting process. The NPs 
are uniform across the particle electromagnetic field that produce the 
primary dipole-type oscillation SPR peak. On the other hand, the phase 
delay excites higher multipolar resonance, lead to several SPR peaks in 
the spectrum [35,36]. In general, SPR occurs when the NP size is less 
than the wavelength of the incident light [37]. The NPs formed in the 
present thermal dewetted film (Fig. 1(d)) and laser dewetted film (Fig. 1 

(g)) have a size of 167 ± 38 nm and 152 ± 29 nm, respectively. By 
contrast, the NPs in the two-step dewetted Ag film (Fig. 1 (j)) have a size 
of just 113 ± 11 nm. Thus, the two-step dewetted film exhibits a 
stronger SPR peak than the other two dewetted films due to the small 
nanoparticle size and narrow size distribution. Moreover, the SPR peaks 
of the laser dewetted and two-step dewetted Ag films exhibit a blue shift 
due to the small NP size. By contrast, the SPR peak of the thermal 
dewetted film shows a red shift due to the large NP size, which results in 
a non-uniform distribution of the electric field of the incident light 
around the particles [5,18]. Overall, the results indicate that the three 
dewetting techniques provide the ability to adjust both the position and 
the intensity of the SPR peak. 

3.3. Structures of dewetted Ag films and melamine Raman detection 

Fig. 4(a) shows the XRD patterns of the as-sputtered and dewetted 
films. It is seen that the dewetting process results in a crystallization of 
the Ag film due to heat energy input during the aging and/or laser 
irradiation process. Of the three dewetted films, the two-step dewetted 
film shows the most intense diffraction peaks due to the small and 
narrow-size distribution of the NPs. Fig. 5(a) shows the Raman spectra 
obtained for aqueous melamine solutions with a concentration of 1000 
ppm deposited on the as-sputtered and dewetted Ag films. The excitation 
wavelength is 532 nm in every case. A characteristic peak is observed at 
676–680 cm− 1 in all of the spectra. The results are therefore consistent 
with the finding of a previous study [6] that melamine shows a pro
nounced peak in the Raman spectrum at 676 cm− 1. It is additionally seen 
that the two-step dewetting process results in a stronger Raman signal 
than either the thermal aging treatment or the laser irradiation treat
ment. As described above, the uniform NP size and narrow particle size 
distribution in the two-step dewetted film result in a more intensive 
plasmon resonance effect. Fig. 5(b) shows the relationship between the 
SPR intensity and the Raman intensity for the four Ag films. A positive 
correlation is observed between the two intensity signals. Thus, a strong 
SPR intensity is associated with a strong Raman signal intensity. 
Consequently, the two-step dewetted Ag film shows the strongest Raman 
signal intensity (1658 a.u) among the various films (as-sputtered film: 
441 a.u; thermal dewetted film: 533 a.u; and laser dewetted film: 1322 
a.u). Fig. 5(c) shows relation of the diverse dewetting process between 
the SPR position and the full width at half maximum, FWHM of the three 
dewetted Ag films. Compare to thermal and laser dewtted Ag film, the 
two-step dewetted Ag film displays the blue shift of SPR position due to 
the smaller NPs size. In addition, the two-step dewetted Ag film has the 
narrower FWHM of 62 nm than thermal aging (176 nm) and laser 
irradiation (77 nm) because of the even NPs distribution. For the latter 
three films, the non-uniform particle distribution results in an inhomo
geneous electric field, and hence the SPR / Raman response is sup
pressed [9]. By contrast, the uniform small-size particle distribution in 
the two-step dewetted film improves the uniformity of the electromag
netic field and increases the intensity of the SPR / Raman signal 

Fig. 4. XRD patterns of as-deposited Ag film and dewetted Ag films.  

Fig. 5. (a) Raman spectra for 1000 ppm melamine solution on as-sputtered Ag film and dewetted Ag films; (b) relationship between SPR intensity and Raman 
intensity for as-sputtered Ag film and dewetted Ag films; (c) relationship between SPR position and FWHM for various dewetted Ag films. 
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accordingly. In the SERS process, the relative position of the sample to 
the hot spot has a strong effect on the enhancement performance, and 
only the molecules located at the hot spot are significantly enhanced 
[38]. The SERS hotspot is determined mainly by the excitation wave
length and shape and size of the NPs [38,39]. In other words, the shape, 
size, and size distribution of the particles are key factors in determining 
the intensity of the Raman signal. Hence, the two-step dewetted film 
shows the strongest SPR / Raman intensity and the sharpest peak of the 
various films since the small and uniform particle size enhances the 
electromagnetic field and resonance quality. 

3.4. Wettability and antibacterial activity of dewetted films 

Fig. 6 shows contact angle images of the as-sputtered and dewetted 
films. As shown in Fig. 6(a), the original glass slide has a contact angle of 
57◦. The contact angle of the as-sputtered Ag film increases to 98◦ as a 
result of the smooth surface (Fig. 6 (b)). The contact angle reduces to 21◦

for the thermal dewetted film (Fig. 6(c)). However, it then increases to 
42◦ (Fig. 6(d)) and 62◦ (Fig. 6(e)) for the laser dewetted and two-step 
dewetted films, respectively. The greater contact angle in the latter 
two cases is the result of an increased particle uniformity and reduced 
particle size, which increase the particle density and thus provide a 
better support of the droplet structure. The surface conditions are a key 
factor in determining the antimicrobial effect. In particular, 

Fig. 6. Contact angle images for various surfaces: (a) bare glass substrate (CK), (b) as-sputtered Ag film, (c) thermal dewetted Ag film, (d) laser dewetted Ag film, and 
(e) two-step dewetted Ag film. 

Fig. 7. Antibacterial effects of glass, dewetted Ag films, and as-sputtered Ag film against Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa after 24 
h exposure. 
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microorganisms have difficulty attaching to (or moving on) hydropho
bic surfaces [2,3]. Fig. 7 shows the antibacterial activities of the glass 
slide and various dewetted Ag films against Escherichia coli, Staphylo
coccus aureus and Pseudomonas aeruginosa, respectively. It is seen that a 
large number of bacteria exist on the glass (CK) slide after 24 h for all 
three cases. However, no significant CFUs are detected on either the as- 
sputtered Ag film or the dewetted Ag films. In other words, the Ag film 
and dewetted Ag films have a 100% antibacterial efficiency for all three 
bacteria (both gram-negative and gram-positive). The reactive oxygen 
species (ROS) generation rates of the various surfaces were tested after 
an incubation time of 24 h using H2DCFDA fluorescent probe. Fig. 8(a) 
shows the corresponding fluorescence images, where the ROS is man
ifested as green fluorescence. The images confirm that no ROS is 
generated on the glass slide for any of the bacteria. By contrast, signif
icant ROS generation is observed for both the as-sputtered Ag film and 
the dewetted Ag films. 

Fig. 8(b) shows the ROS fluorescent intensities of the glass slide and 
various Ag films. The ROS generation rate of the laser dewetted Ag film 
is greater than that of the thermal dewetted film. Moreover, the ROS 

generation rate of the two-step dewetted film is greater than that of the 
laser dewetted film since the small and uniform-sized NPs result in a 
greater contact area with the bacteria. It was shown in [3] that metal 
NPs provide an effective alternative to fungicides for the sterilization of 
medical devices since the nanostructures increase the contact area of the 
surface and promote a fuller interaction with the microorganisms as a 
result [40,41]. Many recent studies have shown that metal particles such 
as silver (Ag), copper (Cu), gold (Au) and zinc (Zn) have a good anti
bacterial activity [3–5,42,43] since they readily interact with the res
piratory enzymes attached to the cell membrane, induce free radical 
formation (ROS), and release metal ions [5,44]. The released ions then 
prompt membrane dysfunction, which leads to the eventual death of the 
bacteria [5,42,45]. 

4. Conclusions 

This study has examined the effects of three dewetting processes 
(thermal annealing, pulse-laser irradiation, and two-step dewetting 
(thermal annealing followed by laser irradiation) in inducing the 

Fig. 8. Effects of various surfaces on ROS generation for Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa after exposure for 24 hr. (a) Fluorescence 
images showing ROS generation on glass (CK), dewetted Ag films, and as-sputtered Ag film. Note that the scale bars indicate a length of 20 µm. (b) Fluorescent 
intensity of ROS as determined by ImageJ image-processing software. Note that the letters (a, b, c and d) indicate significant differences according to Tukey’s HSD 
test (P < 0.05). 
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formation of NPs in sputtered Ag thin films. For the thermal dewetted 
films, the NPs were formed only at a high temperature and had a non- 
uniform size in the range of 92 to 236 nm. For the laser dewetted 
films, NPs with a size of 96 to 221 nm were induced at higher laser 
powers of 6 and 8 W, respectively, and the particle size reduced with an 
increasing laser power. Finally, for the two-step dewetting process, 
uniform and small-sized NPs with a size of 102 to 201 nm were formed 
for all values of the laser power (4, 6 and 8 W). The uniform and narrow- 
size distribution of the NPs in the two-step dewetted film enhanced the 
SPR peak signal intensity and resulted in a blue shift of the absorbance 
spectrum. The two-step dewetted film similarly showed the strongest 
Raman intensity among all the dewetted films for 1000 pm aqueous 
melamine solutions. All three dewetted Ag films showed an antibacterial 
efficiency of 100% against Escherichia coli, Staphylococcus aureus and 
Pseudomonas aeruginosa bacteria following contact for 24 h. However, 
the ROS generation of the two-step dewetted film was significantly 
greater than that of the laser irradiated film and thermal aged film. In 
conclusion, the two-step dewetting process employed in the present 
study results in the formation of uniform NPs with a small size and a 
narrow size distribution. The NPs provide a strong antibacterial per
formance due to their effect in increasing the contact area between the 
dewetted surface and the microorganisms. They also result in an 
enhanced Raman signal intensity for melamine. Thus, this study defines 
the relationship of Ag NPs uniformity between antibacterial efficiency 
and Raman signal intensity and provides the adjustable and scalable 
method of forming Ag NPs array. The two-step dewetting process ap
pears to provide a promising approach for the formation of uniform 
metal NPs for a wide range of applications in the medical, sensing, and 
optical absorbance fields. 
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