
Nanosecond laser ablation of silver
nanoparticle film

Jaewon Chung
Sewoon Han
Daeho Lee
Sanghoon Ahn
Costas P. Grigoropoulos
Jooho Moon
Seung H. Ko

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 04/08/2013 Terms of Use: http://spiedl.org/terms



Nanosecond laser ablation of silver nanoparticle film

Jaewon Chung
Sewoon Han
Korea University
Department of Mechanical Engineering
Seoul 136-713, Republic of Korea
E-mail: jwon@korea.ac.kr

Daeho Lee
Sanghoon Ahn
Costas P. Grigoropoulos
Univ. of California
Department of Mechanical Engineering
Berkeley, California 94720-1740

Jooho Moon
Yonsei University
Department of Materials Science and Engineering
Seoul 120-749, Republic of Korea
E-mail: jmoon@yonsei.ac.kr

Seung H. Ko
KAIST
Department of Mechanical Engineering
291 Daehak-ro, Yuseong-gu
305-701, Republic of Korea

Abstract. Nanosecond laser ablation of polyvinylpyrrolidone (PVP) pro-
tected silver nanoparticle (20 nm diameter) film is studied using a fre-
quency doubled Nd:YAG nanosecond laser (532 nm wavelength, 6 ns
full width half maximum pulse width). In the sintered silver nanoparticle
film, absorbed light energy conducts well through the sintered porous
structure, resulting in ablation craters of a porous dome shape or
crown shape depending on the irradiation fluence due to the sudden
vaporization of the PVP. In the unsintered silver nanoparticle film, the abla-
tion crater with a clean edge profile is formed and many coalesced nano-
particles of 50 to 100 nm in size are observed inside the ablation crater.
These results and an order of magnitude analysis indicate that the
absorbed thermal energy is confined within the nanoparticles, causing
melting of nanoparticles and their coalescence to larger agglomerates,
which are removed following melting and subsequent partial vaporization.
© 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.52.2
.024302]
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1 Introduction
Pulsed laser ablation (PLA) has been extensively studied in
the past as an effective technique for the direct patterning of
thin metal films.1–9 In an ultra-short (femto or pico-second)
PLA process, precise crater profiles with a clean and abrupt
boundary have been successfully demonstrated due to the
very short time scales involved in the ablation process
that tend to suppress, although not completely eliminate ther-
mal transfer.5,6 However, nanosecond laser ablation involves
the melting and vaporization of thin metal films, and the
vaporized plume can create a recoil pressure that expels
the molten pool resulting in the elevated rim structure at the
periphery of the crater1,6–9 as shown in Fig. 1. For high-
resolution patterning, these effects should be minimized.

Nanoparticles show a significant depression of melting
temperature compared to bulk materials due to the thermo-
dynamic size effect.10 In addition, nanoparticles capped by a
surface monolayer or an organic additive can be suspended
in various solvents without agglomeration. Consequently,
electrical micro-conductors can be fabricated on flexible pol-
ymer films by using the cost effective drop-on-demand
(DOD) inkjet printing and the subsequent sintering process
at a reduced temperature suitable to polymers. However, the
typical resolution of the DOD inkjet printing process is on
the order of 20 to 100 μm, so laser hybrid schemes are being
developed.11–15 Here, fabricating high resolution patterns
with a clean edge profile has the practical importance in
many applications. For example, an organic field effect

transistor (OFET) requires small channel length to reduce
the effective resistance and therefore increase drain current
and speed.15 In addition, a uniform film topography is desir-
able, since charge-carrier transport in an OFET is strongly
related to the morphology.

Previously, with this goal in mind, the nanosecond laser
ablation of an hexanethiol self-assembled monolayer
(SAM) protected gold nanoparticles was explored.16,17 In
brief, an unsintered gold nanoparticle film showed submi-
crometer sized patterning with an abrupt crater profile
[Fig. 2(a)], while a sintered gold nanoparticle film exhibited
the characteristics of a metal film, one of which is an
elevated rim structure [Fig. 2(b)]. In addition, the ablation
threshold fluence of unsintered gold nanoparticle film was
at least ten times lower than the reported threshold fluence
for the sputtered gold film. These results were explained by
considering the unusual properties of the hexanethiol SAM
protected gold nanoparticles such as melting temperature
depression of the gold nanoparticles of a few nanometers
in size, desorption of SAM, weak bonding between nano-
particles, and the efficient laser energy absorption due to
surface plasmon. However, the dominant effect is still
unknown, and thus it is uncertain whether similar results
can be obtained for other nanoparticles of different sizes,
capping layers and optical and thermal properties. To
answer this question, polyvinylpyrrolidone (PVP) protected
silver nanoparticles are employed in the current study. In
addition, the results of scanning electron microscopy
(SEM) as well as atomic force microscopy (AFM) images
are shown for better understanding of nanosecond laser
ablation of nanoparticle films.0091-3286/2013/$25.00 © 2013 SPIE

Optical Engineering 024302-1 February 2013/Vol. 52(2)

Optical Engineering 52(2), 024302 (February 2013)

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 04/08/2013 Terms of Use: http://spiedl.org/terms

http://dx.doi.org/10.1117/1.OE.52.2.024302
http://dx.doi.org/10.1117/1.OE.52.2.024302
http://dx.doi.org/10.1117/1.OE.52.2.024302
http://dx.doi.org/10.1117/1.OE.52.2.024302
http://dx.doi.org/10.1117/1.OE.52.2.024302
http://dx.doi.org/10.1117/1.OE.52.2.024302


2 Experiment
The silver nanoparticles are synthesized by the polyol
method.18 Silver nitrate used as a precursor of silver nano-
particle is dissolved in ethylene glycol and PVP is added to
prevent the synthesized silver nanoparticles from agglomer-
ation. This solution is stirred vigorously in a reactor fitted
with a reflux condenser, and heated to 120°C. The reaction
is maintained for 30 min and the solution is cooled to room
temperature. The silver particles are separated from the
liquid by centrifugation and repeatedly washed with ethanol.
The resulting particles are dried at room temperature. The
average diameter of the prepared silver nanoparticles is
20 nm. These nanoparticles are dispersed in a mixed solvent
of ethylene glycol and ethanol at a volume ratio of 5:1
together with PVP 3% in weight (i.e., 26% in volume)
with respect to the dried Ag. The solid loading of the ink
is 20% in weight. The formulated ink is ball-milled for
24 h, and then filtered through a 5 μm nylon mesh.

This nanoparticle solution is inkjet printed11–13 or spin-
coated on a silicon substrate and nanoparticle films of several
hundred nanometers in thickness are obtained by evaporating
the solvent at a moderate temperature lower than the sinter-
ing temperature.

Figure 3 shows the relative resistance change of the silver
nanoparticle film depending on curing temperature. Relative
resistance decreases sharply at about 100°C, at which the
silver nanoparticle film is deduced to sinter. Note that, in
the case of hexanethiol self-assembled monolayer protected
gold nanoparticles, the surface monolayer is desorbed and
removed from the gold nanoparticles, which initiates sinter-
ing of the gold nanoparticles according to the result of ther-
mogravimetry analysis.17 However, the silver nanoparticle
film sinters while PVP is still present, which is known to
decompose and vaporize above 400°C.18 After curing at
200°C for 1 h using a hotplate, the room temperature resis-
tivity becomes two to three times higher than that of bulk
silver. Figure 4 shows SEM images of the silver nanoparticle
film cured below the sintering temperature (hereafter referred
to as “unsintered nanoparticle film”) and that cured above the
sintering temperature (hereafter referred to as “sintered nano-
particle film”). In the unsintered silver nanoparticle film
[Fig. 4(a)], particles of several tens nanometers in size can
be still observed. After sintering [Fig. 4(b)], however, a
strong inter-particle necking occurs, which forms a porous
structure with the average grain size of 50 to 100 nm.
This signifies that the sintering process is dominated by
the PVP layer melting and the subsequent diffusion be-
tween the nanoparticles rather than the full melting of the
nanoparticles, since the full melting of 5 nm sized silver
nanoparticles occurs above 500°C.19,20 It is noted that the

Fig. 1 SEM images of ablated gold film. The sputtered 100 nm thick
gold film is ablated at the incident energy of 0.1 μJ using Nd:YAG
nanosecond laser (532 nm wavelength, 6 ns FWHM pulse width)
with a focused beam waist (ω0) of 2.9 μm (F peak ¼ 0.75 J∕cm2).

Fig. 2 AFM cross-sectional profile of ablation craters in (a) the unsin-
tered gold nanoparticle film, and (b) sintered gold nanoparticle film.
The gold nanoparticle film is prepared by spin-coating hexanethiol
self-assembled monolayer protected gold nanoparticle suspended
in toluene on polyimide and is cured at 120°C and 160°C to produce
the unsintered and sintered nanoparticle films, respectively. The
nanoparticle film was ablated at the incident energy of 1.6 μJ using
Nd:YAG nanosecond laser (532 nm wavelength, 6 ns FWHM pulse
width) with a focused beam waist (ω0) of 4.5 μm (F peak ¼ 5.2 J∕cm2).
Inset picture is the corresponding AFM height image.

Fig. 3 Relative resistance of the silver nanoparticle film depending on
curing temperature. The resistance is measured in-situ during curing
experiment.

Fig. 4 SEM image of (a) the unsintered and (b) the sintered silver
nanoparticle film.
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thickness of the alkanethiol protected gold nanoparticle film
decreased more than 50% during sintering process due to
both sintering compaction and removal of the surface mono-
layer, whose size is comparable to that of gold nanopar-
ticle.16,17 However, the thickness of the silver nanoparticle
film decreases about 20% due to only sintering compaction.

The prepared silver nanoparticle films are ablated by
using a frequency doubled Nd:YAG nanosecond laser
[532 nm wavelength, 6 ns full width half maximum
(FWHM) pulse width] (Fig. 5). The prepared nanoparticle
films are attached vertically on the xyz translating and tilting
micromachining workstation. An infinity-corrected long
working distance objective lens focuses the laser beam,
which is expanded to cover the entrance pupil, and also
takes images the ablated sample surface in combination
with a zoom lens, a charge couple device (CCD) camera.
A dichroic mirror (DM) prevents the reflected laser beam
from irradiating on the CCD, but transmits the white light
illumination. The incident energy after the objective lens
is varied from 0.001 ∼ 6 μJ using neutral density (ND) filters
to ablate prepared nanoparticle films. In addition, the inci-
dent energy is finely adjusted by using a half waveplate
(λ∕2) and a polarizing beamsplitter (PBS). Ablation experi-
ments are carried out varying the incident energy, the number
of irradiating laser pulses and the focused beam waist. The
ablated morphology of the nanoparticle film is characterized
by optical microscopy, AFM and SEM.

3 Results
Figure 6(a) through 6(d) shows the AFM height images and
the corresponding cross-sectional profiles of the ablation
crater in the unsintered silver nanoparticle film. Both the abla-
tion radius and the ablated depth increase with incident energy
(E), and the silicon substrate is exposed at the incident energy
of 0.37 μJ [Fig. 6(d)]. In the sintered silver nanoparticle film
[Fig. 6(e) through 6(h)], two different morphologies are
observed in the AFM images. At low energy, the sintered
nanoparticle film appears to be inflated [Fig. 6(e) and 6(f)];
at a high energy [Fig. 6(g) and 6(h)], the silicon substrate
is exposed due to strong ablation and the elevated rim is
formed at the periphery of the ablation crater. Here, the center
peak fluence (Fpeak) is calculated from incident energy (E) and
the measured beam waist (ω0, 1∕e2) using Eq. (1).

Fpeak ¼
2E
πω2

0

: (1)

SEM images in Fig. 7 provide better clues of the ablation
process in the silver nanoparticle film. In the sintered silver
nanoparticle film [Fig. 7(a) and 7(b)], the absorbed thermal
energy conducts well through sintered porous structure,
which results in a molten pool. This molten pool is expelled
by the recoil pressure of ablated vapor plume, which reso-
lidifies at the periphery of the ablated crater. At a low fluence
[Fig. 7(a)], the recoil pressure is not strong enough to expel
the molten pool, and the resolidified splash forms a porous
dome structure. The porous structure is possibly caused by
the sudden vaporization of the PVP capping layer. At a high
fluence [Fig. 7(b)], this recoil pressure exerted on the molten
pool is strong, so that the silicon substrate is exposed at the
center region of the ablation crater, while the most of
expelled molten pool is resolidified at the periphery of the
ablated crater forming crown-shaped ablation crater. Note
that some of the resolidified splashes that appear to be bro-
ken in Fig. 7(a) and 7(b) were due to AFM scanning, which
was carried out before these SEM images were taken.

In the unsintered nanoparticle film [Fig. 7(c)], many coa-
lesced nanoparticles of diameters varying from 50 to 100 nm
are observed inside the ablation crater verified in AFM
images [Fig. 6(a) through 6(d)]. In addition, large particles
are observed more often in the center of the ablation crater,
while small particles at the periphery of the ablation crater.
Figure 8 shows the SEM images of the ablation craters in the
unsintered nanoparticle film for different irradiated laser

Fig. 5 Schematic of nanosecond laser ablation setup.

Fig. 6 AFM images and the corresponding center cross-sectional
profiles of the ablation craters in unsintered (a)–(d) and sintered
(e)–(h) silver nanoparticle films. Incident energy (E) and the corre-
sponding peak fluence (F peak) calculated from the beam waist (ω0)
of 2.9 μm are indicated in each figure. Cases (f) and (g) correspond
to Fig. 7(a) and 7(b), respectively.
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pulses. Here, the number of coalesced nanoparticles of diam-
eters from 50 to 100 nm increases with the number of irra-
diated laser pulses and the substrate is exposed when laser
pulses are irradiated three times.

Since unsintered nanoparticles are disconnected, thermal
energy does not conduct well to form a continuous molten
pool. Instead, the absorbed thermal energy is presumed to be
confined inside the nanoparticles to melt the nanoparticles
and subsequently coalesce to larger agglomerates. During
this process, the coalesced nanoparticles are expelled from
the nanoparticle film by the build-up pressure possibly gen-
erated by the vaporized silver on the nanoparticle surface.
Note that laser heating lasts only a few nanoseconds, so
the inter-particle necking structure such as Fig. 4(b) is not
observed in Fig. 8.

The ablation threshold peak fluence (Fth) of the unsin-
tered nanoparticle film is obtained from the ablation volume
using AFM topography for ω0 of 13 μm (Fig. 9). The thresh-
old fluence (Fth), which is calculated from x-axis intercepts,
is 0.051 J∕cm2.

In an order of magnitude analysis, the unsintered silver
nanoparticle film is assumed to absorb light energy

according to Beer’s law.1 In addition, assuming that the
conductive heat transfer through the unsintered silver
nanoparticle film is negligible during the laser pulse duration
(tpulse ¼ 6 ns), (i.e., thermal diffusion length [lT ¼
ðDtpulseÞ0.5] is much smaller than both the beam waist
(ω0) and the optical absorption depth [lA, inverse of absorp-
tion coefficient, α)], the temperature field Tðr; zÞ of the
unsintered silver nanoparticle film can be approximated as1

Tðr; zÞ ¼ T∞ þ ð1 − RÞFth

ρcplA
exp

�
−
2r2

w2
0

�
exp

�
−

z
lA

�
; (2)

where T∞, R, ρ, and cp represent the ambient temperature,
reflectance, density and heat capacity of the unsintered silver
nanoparticle film, respectively. Using Maxwell-Garnett
effective medium theory,17,21 the effective dielectric func-
tions and the corresponding refractive indices of particles
in a matrix medium can be obtained and R and absorption
depth (lA) are calculated (Fig. 10). Table 1 summarizes the
important properties of bulk silver and the resulting proper-
ties of the unsintered silver nanoparticle film using effective
medium theory. Here, the volume fraction of particles in the
nanoparticle film is assumed to be 0.609, which is the sphere
random packing density.22 Using the values in Table 1 and
the ablation threshold fluence (Fth ¼ 0.051 J∕cm2), the
center temperature on the surface [Tðr ¼ 0; z ¼ 0Þ] is calcu-
lated as 1480 K, which is comparable to the melting temper-
ature of bulk silver (1235 K).

When the conductive heat transfer is considered, the
center temperature on the surface after the duration of a
laser pulse (tpulse) can be calculated using the following equa-
tion.1

Tðr ¼ 0; z ¼ 0Þ ¼ T∞ þ ð1 − RÞFth

ρcplAtpulse

Z
tpulse

0

1

1þ 8Dt
w2
0

× erfc

� ffiffiffiffiffiffi
Dt

p

lA

�
exp

�
−
� ffiffiffiffiffiffi

Dt
p

lA

�2�
dt: (3)

Note that the term inside the integral approaches the
value of 1 when thermal diffusivity becomes very small,
and then Eq. (3) becomes identical to Tðr ¼ 0; z ¼ 0Þ of
Eq. (2). Here, to calculate Eq. (3), the thermal diffusivity
(D ¼ k∕ρcp) for the unsintered silver nanoparticle film
should be known. Assuming that the void in the unsintered
nanoparticle film is filled with PVP, the thermal conductivity
of unsintered nanoparticle film, k, can be obtained using the
Maxwell Garnett type effective medium approximation
[Eq. (4)].24

k¼km
kpð1þ2Rkkm∕rpÞþ2kmþ2f½kpð1−Rkkm∕rpÞ�−km
kpð1þ2Rkkm∕rpÞþ2kmþf½kpð1−Rkkm∕rpÞ�−km

:

(4)

Here, kp, km, rp, and Rk represent the thermal conductiv-
ities of the particle and medium, the radius of the particle,
and Kapitza resistance, respectively. Using typical values
of 10−8 to 10−7 m2K∕W for the Rk of metal nanopar-
ticles25,26 and 0.1 to 0.3 W∕mK for the km of polymer
vinyl,27 the thermal conductivity of the unsintered nanopar-
ticle film, k, can be found to lie in the range from 0.1 to
0.6 W∕mK. In Fig. 11, the corresponding center temperature

Fig. 7 SEM images of ablation crater in (a) sintered silver nanopar-
ticle film at F peak ¼ 0.50 J∕cm2 (E ¼ 0.064 μJ), (b) sintered silver
nanoparticle film at F peak ¼ 0.85 J∕cm2 (E ¼ 0.11 μJ) and (c) unsin-
tered silver nanoparticle film at F peak ¼ 0.45 J∕cm2 (E ¼ 0.058 μJ).
The focused beam waist (w0) is 2.9 μm. Case (a) and (b) correspond
to Fig. 6(f) and 6(g), respectively.
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on the surface ranges from 1280 to 1390 K, which is com-
parable to the melting temperature of bulk silver (1235 K),
again.

Therefore, Fth is presumed to be the energy required for
small nanoparticles to melt and coalesce to larger nanopar-
ticles whose melting temperature is comparable to that of the
bulk matertial.19,20 It is also noted that the calculated absorp-
tion depth (lA ¼ 169 nm) is smaller than the thickness of the
unsintered silver nanoparticle film (500 nm), so there is a
strong temperature gradient in z-direction and only the sur-
face layers can be heated and ablated without exposing the
substrate.

Figure 12 shows the ablation radius (rA) depending on
peak fluence. The ablation radius increases sharply at the
low fluence near the ablation threshold value and the increas-
ing rate of the ablation radius decreases at a high fluence.
From the Gaussian beam profile, the ablation radius (rA)
can be approximated as the position where the fluence is
the same as the ablation threshold fluence. The resulting
equation is16

rA ¼ ω0ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln

�
Fpeak

Fth

�s
; (5)

and the curves by Eq. (5) agree relatively well with the mea-
sured ablation radius in Fig. 12.

Figure 13 shows the effect of multishot ablation. The
square and diamond symbols correspond to the incident
energies of 0.018 and 0.007 μJ, respectively. Here, the

Fig. 8 SEM images of ablation crater in the unsintered silver nanoparticle film at F peak ¼ 0.07 J∕cm2 E ¼ 0.0093 μJ) with irradiated laser pulses
of (a) 1 times, (b) 2 times, and (c) 3 times. The focused beam waist (w0) is 2.9 μm.

Fig. 9 Ablation volume of the unsintered silver nanoparticle film
depending on peak fluence (incident energy). The ablated volume
data at the focused beam waist of 13 μm are used. The ablation
threshold peak fluence (F th) obtained from linear fitting is
0.051 J∕cm2.

Fig. 10 Normal incidence reflectance and absorption depth of silver
nanoparticle film calculated from Maxwell-Garnett effective medium
theory.21
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solid symbol indicates the ablated volume data, which are
obtained from an unexposed substrate and an empty symbol
indicates the exposed case. In Fig. 13, the linearity of the
ablated volume is very good until the substrate is exposed,
which indicates that digital control of the nanoparticle film
ablation volume is possible. In addition, the slopes of the
linear fitting (i.e., the ablated volume per pulse) are 1.39

Table 1 Important properties of bulk silver and the resulting nano-
particle film properties based on effective medium theory.21

Properties
Bulk
silver

Silver
nanoparticle

film

f , volume fraction of particle 0.609

n, real part of refractive index
at 532 nm

0.12923 3.818

κ, real part of refractive index
at 532 nm

3.2523 0.251

ρ, density (kg∕m3) 10460 6388

cp , heat capacity (J∕kg∕K) 262 at 800 K

k , thermal conductivity (W∕mK) 429 0.1 to 0.6

D, thermal diffusivity (m2∕s) 1.57 × 10−4 ð6 ∼ 21Þ × 10−8

R, reflectance 0.96 0.34

lA, optical absorption depth
at 532 nm (nm)

13 169

lT , thermal diffusion length (nm) 960 19 ∼ 35

Tm , melting temperature (K) 1235

Tv , boiling temperature (K) 2435

Δhm , heat of melting (J∕kg) 1.04 × 105

Δhv , heat of vaporization (J∕kg) 2.32 × 106

Fig. 11 The center temperature on the surface calculated using
Eq. (3) depending on thermal conductivity of silver nanoparticle film.

Fig. 12 Ablation radius of the unsintered silver nanoparticle film
changing the peak fluence (incident energy) for different focused
beam waists (a) w0 ¼ 13 μm, (b) w0 ¼ 2.9 μm. The ablated data
where the silicon substrate is exposed are also included. The curves
are drawn from Eq. (5) using the ablation threshold fluence of
0.051 J∕cm2.

Fig. 13 Ablated volume of the unsintered silver nanoparticle film
depending on the number of irradiated pulses. The focused beam
waist (ω0) is 2.9 μm. The rectangle and diamond symbols correspond
to the cases of the incident energies (peak fluence) of 0.018 μJ
(0.139 J∕cm2) and 0.007 μJ (0.055 J∕cm2), respectively. The solid
symbol indicates the case when the bottom substrate is unexposed,
and the empty symbol indicates the exposed case.
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and 0.56 μm3∕pulse for the incident energies of 0.018 and
0.007 μJ, respectively. For both cases, the incident energy per
ablated volume (E∕Vablation) can be calculated to be about
0.013 μJ∕μm3, while the light energy absorbed per ablated
volume to be 0.0085 μJ∕μm3 considering reflectance
(Table 1). The light energy absorbed can be divided into
heating, melting, and vaporization energies of nanoparticles
and is expressed as follows:

ð1 − RÞE
Vablation

≈ ρcpðTv − T∞Þ þ Δhm þ Δhv: (6)

Here, Tv, Δhm, and Δhv represent the boiling temper-
ature, latent heat of melting and vaporization, respec-
tively. The energy absorbed per ablated volume
[ð1 − RÞE∕Vablation] is calculated as 0.028 μJ∕μm3 consid-
ering all three terms, while it can be calculated as
0.007 μJ∕μm3 including only the heating and melting
energies of nanoparticles in Eq. (6), which is comparable
to the experimentally identified light energy absorbed per
ablated volume of 0.0085 μJ∕μm3. These results indicate
that the nanoparticle film may not be ablated by full
vaporization of nanoparticles. Instead, the nanoparticles
melt and coalesce to larger nanoparticles upon heating,
and these nanoparticles are removed by surface melting
and subsequent partial vaporization. In an earlier work,
coalesced gold nanoparticles of 5 to 50 nm in size were
observed in the ejecta of the unsintered gold nanoparticle
film,16 which also support the above explanation.

4 Summary
The nanosecond laser ablation process of nanoparticle films
is studied using PVP protected silver nanoparticles (20 nm
diameter).

In the sintered silver nanoparticle film, absorbed light
energy conducts well through the sintered porous structure,
resulting in the formation of a molten pool. This molten pool
is expelled by the recoil pressure of the ablated vapor plume,
and resolidifies at the periphery of the ablated crater. Here,
the SEM images show ablation craters of porous dome shape
or crown shape depending on the irradiation fluence due to
the PVP capping layer.

The SEM images of the unsintered silver nanoparticle
film ablated at the wavelength of 532 nm show many coa-
lesced nanoparticles of 50 to 100 nm in size inside the abla-
tion crater. Large particles can be observed more often in
the center of the ablation crater. According to an order
of magnitude analysis, the measured ablation threshold
peak fluence of 0.051 J∕cm2 is comparable to the fluence
required to heat the silver nanoparticle film to the melting
temperature of bulk silver. In addition, the absorbed light
energy per ablated volume is also comparable to the energy
required to heat and melt the ablated volume, but not to
vaporize the entire ablated volume. In an earlier work,16

the coalesced nanoparticles of 5 to 50 nm in size were
observed from the ejecta of the unsintered gold nanoparticle
film. These results indicate that the unsintered nanoparticle
film may not be ablated by full vaporization of nanopar-
ticles as synthesized. Instead, in the unsintered silver nano-
particle film, the absorbed thermal energy is presumably
confined within the nanoparticles, causing melting of nano-
particles and their coalescence to larger agglomerates, that

are removed following melting and subsequent partial
vaporization. Nonetheless, the ablated volume of unsin-
tered nanoparticle film increases linearly with both the inci-
dent energy and the number of irradiated laser pulses,
which indicates that digital control of the nanoparticle
film ablation volume is possible.

The ablation threshold peak fluence (Fth) of all unsintered
nanoparticle films (alkanethiol self assembled monolayer
protected gold nanoparticles (0.03 J∕cm2) and PVP pro-
tected silver nanoparticles (0.05 J∕cm2) are in the same
range. These results suggest that the melting and coalescence
of the nanoparticles and its partial vaporization rather than
the vaporization of the capping agents is dominant in the
ablation of an unsintered nanoparticle film.
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