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Abstract We present a method for the sintering of silver
(Ag) nanoparticle thin films by millisecond pulsed laser
irradiation. The microstructure of sintered thin films and
sintering behaviors of nanoparticles were systematically
investigated in this paper. Absorption spectra of sintered
thin films showed blue-shifted surface plasmon resonances
(SPR) from 500 nm to 480 nm and red-shifted from 480 nm
to 550 nm when laser power was varied from 100 W to
140 W and from 140 W to 200 W, respectively. This indi-
cates a new technique to control light absorption through
joining nanoparticles with laser sintering. According to the-
oretical calculations based on a heat diffusion model, the
melting temperature of these Ag nanoparticles was esti-
mated to be 440 °C during laser irradiation.

1 Introduction

For nanodevices and nanosystems, it is necessary to join
nanoscale building blocks together to achieve complex func-
tions [1, 2], such as joining metallic nanomaterials for poten-
tial applications in optical devices and flexible electronics
because of their unique optical, electrical properties [3, 4].
For example, the surface plasmon resonance (SPR) of no-
ble metal nanostructures and its strong absorption of light
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[5] have been the focus of numerous studies due to their
practical applications in the fabrication of optical devices
such as optical sensors, surface-enhanced Raman scattering
probes or light filters [6–8]. The SPR position [9], shape
[10] and spectral width [11] can be controlled through al-
tering the excitation of oscillations in an electromagnetic
field with changing particle size, shape, and the neck size
of welded metallic nanoparticles (MNPs) [12–17]. Another
example is the joining of noble MNPs by sintering in ink-
jet printing for flexible electronics [18–20], a well-known
technique in which the deposition and patterning are simul-
taneously accomplished by printing a solution of the active
materials (e.g., MNPs or conductive polymers). MNP ink
typically consists of gold or silver nanoparticles (Ag NPs)
encapsulated with a thin protective shell and dispersed in
a liquid solvent [21, 22]. Thermal heating, e.g., by ovens
and furnaces, is usually used for sintering of MNPs. For ex-
ample, low temperature oven sintering of Ag NPs and their
bonding to copper wires and substrates for applications in
flexible electronics have been reported by Hu et al. [23] and
Alarifi et al. [24]. The typical sintering temperature ranges
from 100–300 °C which is lower than the melting point of
the corresponding bulk materials, due to the size effect of
nanoparticles [25].

However, thermal sintering possesses numerous draw-
backs, e.g., time-consuming, low heating rate and not area-
specific [26]. As alternatives, more precise sintering tech-
niques are developed to accurately tailor the nanostructure
of the materials, such as applying voltage [26], microwave
[27, 28], and laser beam [29–35]. Sanchez-Valencia et al.
[36] studied the effect of laser power on the structure and
optical dichroism of self-organized metal nanostructures by
nanosecond laser treatment of Ag nanostripes supported
on SiO2 nanocolumns. Laser sintered TiO2 film have been
study for dye-sensitized solar cells [37, 38]. However, very
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few reports have focused on the effect of laser irradiation
on the structure and optical properties of self-organized Ag
nanoparticle thin films. In this paper, we have studied the
microstructure and optical properties of sintered Ag NP thin
films as a function of the millisecond laser power.

2 Experimental details

Silver nitrate (AgNO3, Alfa Aesar), polyvinylpyrrolidone
or PVP ((C6H9NO)n, K25, M.W. = 24000, Alfa Aesar),
sodium citrate (C6H5O7Na3·2H2O, Alfa Aesar), and ascor-
bic acid or VC (C6H8O6, Alfa Aesar) were used without
further purification. In a typical synthesis, the Ag NP so-
lution was prepared by adding 12 ml sodium citrate aque-
ous solution (0.2 M) to 200 ml deionized water with vigor-
ous stirring, followed by adding 2 ml PVP aqueous solution
(20 mM), 2 ml [Ag(NH3)2]+ aqueous solution (0.12 M),
and 0.4 ml Ag seed (1 mM, size is about 5 nm). Then 10 ml
VC aqueous solution (10 mM) was dropwise added into
the mixture for 30 minutes with stirring. Microscopy glass
slides and silica wafers were all washed using acetone and
deionized water then dried at 100 °C in oven, then immersed
into Ag NP solution for at least 48 hours. The solution-
deposited glass slides were used to characterize the optical
properties and Si wafers were employed for investigations
of microstructure and sintering behaviors.

Thin films on glass and Si wafer substrates were irradi-
ated by a Nd:YAG-pulsed laser (Miyachi LW-50A, wave-
length = 1064 nm, pulse width = 1 ms, repetition rate =
200 Hz, maximum average power = 5 kW, and focused
beam size = 0.6 mm) for 1 ms time interval at different laser
powers without using a photoresist layer. The morphology
of the as-synthesized Ag NPs, deposited and sintered Ag
NP thin films on glass and Si wafer substrates were charac-
terized by scanning probe microscopy (SPM, Vecco 3100)
and scanning electron microscopy (SEM, LEO 1530), re-
spectively. Absorbance spectra of laser processed thin films
(within the laser continually scanned 1 cm × 1 cm area)
were measured with UV-vis-NIR spectroscopy (Shimadzu,
UV-2500).

3 Results and discussion

3.1 Microstructure and sintering behaviors

Figure 1 shows Ag NPs in solution with an average diame-
ter of 50 nm, and the microstructure of Ag NP thin films on
glass and Si wafer substrates (insert images (a) and (b), re-
spectively). It was found that Ag NPs aggregated together by
self-organization in clusters on substrates and formed thin
films. Since the microstructures of thin films (pristine and

Fig. 1 Microstructures of Ag NPs in solution (average size 50 nm in
diameter), inserted image (a) AFM image of thin film on glass substrate
and (b) SEM image of thin film deposited on Si wafer

Fig. 2 SEM images of Ag NP thin films on Si substrate irradiated
at different laser powers, (a) to (f) denoting irradiation using 100 W,
120 W, 140 W, 160 W, 180 W, and 200 W laser power, respectively,
with insets showing corresponding images at high magnification

processed) on glass and Si substrates were found to be sim-
ilar, all the microstructure discussions are all based on Si
substrate below.

Figure 2 shows the microstructure of Ag NP thin films
within the focused laser beam after irradiation with different
laser powers. It can be seen that the degree of aggregation
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Fig. 3 (a) Transition from solid-state sintering of Ag NPs to the melt-
ing and coalescence of molten Ag NPs to form large independent Ag
NP spheres, using 200 W laser power, at the boundary region of fo-
cused laser beam and (b) high magnification image of highlighted area
in (a)

increased with increased laser power. Ag NPs displayed a
polyhedral shape at the power of 100 W (insert to Fig. 2a,
highlighted in the circles). Usually, the vertex and edge of
polyhedron shaped Ag NPs are facile to change under heat-
ing due to their high surface energy. With further increase
in laser power, the polyhedral Ag NPs changed to relatively
smooth spherical shapes (Fig. 2b inserted image, highlighted
in the circles). Then the Ag NPs started to form bent chains
and networks by joining the adjacent nanoparticles together.
The necks formed and grew (as highlighted by the arrows in
Fig. 2a & b) while the particle size remained unchanged at
this stage. As the laser power rose further, it was clear to see
that while the necks grew further and the particles started to
become bigger than in the previous stage from the inserted
high magnification images in Fig. 2(c–e). With the neck size
increasing as highlighted by the pairs of arrows in Fig. 2d
and e, the curvature of neck area decreased. However, Fig. 2f
presents the very distinct morphology (independent spheres
with diameters of few hundred nanometers) which corre-
sponds to the solid-liquid transition [39, 40], under 200 W
laser irradiation. A solidification pattern was clearly shown
on the surface of the spheres as the high magnification image
shown in Fig. 2f. These large spheres were formed by coa-
lescence of molten Ag NPs because of surface tension. This
general trend in the formation and growth of the necks, the
growth of the particles, and the transition to the melted and
coalesced Ag NPs could be clearly observed at the boundary
region of the irradiated area when laser power of 200 W was
used as shown in Fig. 3. The center with resolidified NPs is
within the focused laser beam.

The changes in the neck and particle size within the fo-
cused laser beam were plotted as shown in Fig. 4 in which
all neck and particle sizes were obtained by statically mea-
suring no less than 10 particles/necks and the mean sizes
were used (the maximum error is ±8.2 %). It could be seen
that the neck size grew linearly when the laser irradiation
power was from 100 W to 160 W. The small change in neck
size from 160 W to 187 W was mainly due to the decreas-
ing driving force caused by the decreased curvature of neck
area as neck size grew. The particle size remained stable at

Fig. 4 The statistical Ag NP diameter and neck size as functions of
laser power. Highlighted zone corresponded to the solid-liquid transi-
tion between 187 W to 191 W

low laser powers (<140 W) and slowly grew as the laser
power increased from 140 W to 187 W. The particle size
grew rapidly after 187 W as shown in the highlighted zone
in Fig. 4, corresponded to the melting of Ag NP clusters.
When the laser energy was larger than 191 W, melting and
evaporation contributed to the decrease in particle size with
further rise in laser power. Due to the fast heating rate during
laser sintering, the sequence was different compared to that
of thermal sintering. The initial neck/particle growth during
thermal heating was very fast, exponentially, then slowed
down according to experimental and simulative results [23].

3.2 Light absorption properties

The absorption spectra of Ag NP solution and thin film with-
out laser irradiation are shown in Fig. 5a. Ag NP solution
displays a characteristic peak of Ag NPs centered at 430 nm,
which is in accordance with the reported absorption peak
of Ag NP aquatic solutions [41–43]. Two broad SPR bands
are shown in the spectra of the Ag NP thin film. The first
band, corresponding to the characteristic absorption peak
of the Ag NPs, shifted to near 400 nm due to the smaller
distances between the nanoparticles than those in solution
and the change of medium. The smaller distances led to
the enhanced quadrupolar oscillation of Ag NPs [44], which
would cause the shift to lower wavelength. Decreasing of
the dielectric constant of the surrounding medium, from wa-
ter to air, was found to reduce the absorption wavelength in
studies of gold nanorods [45] and periodic Ag NPs [46, 47].
Another broad SPR band near 750 nm (indicated as the 2nd
peak in Fig. 5a) corresponds to longitudinal surface plasmon
absorption [48, 49] formed from the aggregation of Ag NPs
in the thin film and the sharp corners of polyhedron shaped
Ag NPs [50]. The disappearance of the longitudinal surface
plasmon absorption spectrum in Fig. 5b might be attributed
to weakened longitudinal oscillations of electrons [51, 52]
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Fig. 5 Absorption spectra of (a) Ag NP solution and as-deposited Ag
NP thin film without laser irradiation and (b) sintered Ag NP thin films
under different laser powers. (c) The wavelength of nominal absorption
peak of Ag NP thin films measured after irradiation at different laser
powers (three stages: organic shell decomposition; neck and particles
growth; melting and evaporation)

caused by reduced Ag NP aggregation and smooth curva-
ture of Ag NPs after laser irradiation. The first SPR of Ag
NP thin film was shifted and broader after laser irradiation
as shown in Fig. 5b, which will be discussed in detail later.
There were small peaks near 360 nm, which is attributed to
the electronic interband transitions related absorption of sil-

ver [53–55]. This peak was not significant in Fig. 5a because
of the much stronger intensity of other SPR peaks.

Further details of the change in characteristic peak (in-
dicated as the 1st peak in Fig. 5b) as a function of laser
power are plotted in Fig. 5c. The shifts of the nominal peak
could be separated into three stages: (I) shifts from 500 nm
to lower wavelength 480 nm (blueshift) at low laser pow-
ers, (II) recovering to 550 nm (redshift) at intermediate laser
powers and (III) the dramatic decrease in wavelength when
the laser power was more than 200 W.

The wavelength of a SPR peak is dependent on the shape
and size of MNPs [56] and their distance, such as aggregated
or joined MNPs [12, 44]. When Ag NP films are irradiated
using different laser powers, the distance and shape of Ag
NPs can be changed. Here, blue-shifted SPR of Ag films ir-
radiated at low laser powers as illustrated in Fig. 5c stage 1
was attributed to decomposition of organic shells and the
improvement in the symmetry of the nanoparticle shapes
[57–59], from polyhedral to spherical shape. The spheri-
cal nanoparticles gained more symmetry in comparison with
polyhedron shaped Ag NPs. Since the particle size did not
change much, the improved symmetry of Ag NPs caused
intensive excitation of high-order modes of quadrupole and
octopole oscillations and contributed to the blue-shift. With
the laser power further increasing, necks between joined Ag
NPs and particle size grew during stage 2 (Fig. 5c stage 2).
The enhanced interparticle coupling between joined Ag NPs
caused by the neck size growth, means decreasing interparti-
cle spacing, contributed to distorted intraparticle charge dis-
tribution [44] in which strong localized charges could oc-
cur near the neck area and cause strong attractive interaction
across the neck. The intensive interaction (or lower-order
mode of dipole oscillations) reduced the intraparticle restor-
ing forces of distorted charges in joined Ag NPs and low-
ered the resonant energies [44, 60, 61] that generated the
red-shift of absorption peak. However, the SPR peak sud-
denly decreased as the laser power keeping increasing to
220 W, which was due to the disappearance of necks, de-
creased particle size and the weakened SPR of the Ag NPs
[12, 55]. Unlike the dichroism of nanosecond laser treated
Ag nanostripes [36], this tunable light absorption of sintered
Ag NP thin films by millisecond pulsed laser irradiation pro-
vides potential applications for optical devices, such as op-
tical sensors.

4 Laser heating temperature

In order to further investigate the laser’s effects and evalu-
ate the temperature during laser irradiation, a heat diffusion
model [62] is adopted in this section.

It is assumed that the Ag NP thin film has a very uniform
thickness and that the laser beam is uniformly distributed in
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Fig. 6 (a) Schematic of the heat diffusion model for thin film; (b) The
reflection and transmission properties of Ag NP thin film without laser
irradiation

a circle of radius D. The absorptance α and specific heat
capacity C of Ag NP thin film are constants. Employing the
cylindrical coordinates in Fig. 6a, the temperature increase
can be expressed as follows [62]:

�T (a,Z, t) = αP0

2πDK

∫ ∞

0

dλ

λ
J0(λa)J1(λD)

×
{
e−λZerfc

[
Z

2(κt)1/2
− λ(κt)1/2

]

− e−λZerfc

[
Z

2(κt)1/2
+ λ(κt)1/2

]}
(1)

where K and κ denote thermal conductivity and thermal dif-
fusivity. J0 and J1 are Bessel functions of the first kind. At
a = 0, the equation yields the temperature of the center of
the laser beam spot (a = 0 in Fig. 6a), and on axis Z = 0,
the above equation can be simplified as follows:

�T = 2αP0

π3/2D2K
(κtp)

1/2 (2)

If laser beam radius D, the thermal conductivity K and ther-
mal diffusivity κ are all constants, the temperature increase
will be proportional to both laser power P0 and the square
root of laser pulse duration time tp. In this study, the laser
pulse duration time tp = 1 ms, beam radius D = 0.03 cm,
the thermal diffusivity of Ag κ = 1.74 cm2/s (at 300 K) and

Fig. 7 Laser heating temperature and average heating rate as functions
of laser power at the absorption coefficient α of 60 %

thermal conductivity K = 4.29 W cm−1 K−1 [63–65]. Us-
ing those constants, the temperature increase as a function
of laser power can be rewritten as

�T = 3.88 × αP0 (3)

where P0 is in Watt and �T is in Celsius degree.
Reflection always exists in thin films. For smooth Ag

thick films, the reflection coefficient R is usually around
98 % [66, 67]. However, in our case the surface of solution-
deposited Ag NP thin films is very rough as observed in
Fig. 1, the value of reflection for Ag NP thin film can be
affected by the nanoparticle size and roughness [68, 69].
Nakashima’s experimental and theoretical results at 1064
nm wavelength show that the reflection coefficient R is
about 32 % [70]. According to the trends of reflection and
transmission of Ag NP thin film in current measurement
from 200 nm to 900 nm shown in Fig. 6b, we may estimate
the reflection and transmission around 10 % and 30 %, re-
spectively, at wavelength of 1064 nm (the measurement limit
of our device is 900 nm). The absorptance α is thus about
60 %. The temperature and average heating rate (�T/tp) as
functions of laser power according to Eq. (3) can be plotted
as shown in Fig. 7. The average heating rate of laser irradi-
ation is very high at about 4 × 105 °C/s compared with con-
ventional thermal sintering methods, e.g., ovens, hotplates,
and furnaces typically at 2 °C/s.

The laser power of 187 W–191 W, which could cause
melting according to the above optical property and mi-
crostructure analysis in the preceding section, corresponds
to 435 °C–445 °C in Eq. (3) at α = 60 %. It is long known
that the melting point of Ag NPs is lower than that of bulk
Ag materials [71–74]. For example, Yeshchenko [75] re-
ported the melting temperature of 30 nm Ag NPs is about
350 °C. Hence, the calculated temperature can explain the
variations of the spectral position and morphology of laser
sintered Ag NP thin films when irradiated by 180 W to
200 W pulsed laser.
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5 Conclusions

Millisecond pulsed laser irradiation was effectively used to
precisely control the light absorption of Ag NP thin films
deposited on glass substrates. A tunable light absorption be-
havior of Ag NP thin films was achieved by changing the
shape and particle sizes of Ag NPs and also the neck size in
joined Ag NPs via different laser powers. The results indi-
cate potential applications for making light filters or optical
sensors. The laser sintering behavior shows that the neck
size grew linearly with laser power. According to the theo-
retical calculation using the heat diffusion model, the melt-
ing temperature of Ag NP at 50 nm in diameter is around
440 °C.
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