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influence of laser wavelength on the ablation efficiency (Il)
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Abstract

Laser ablations of silver and copper targets in water were performed to prepare nanosize metal colloids. The influence of the laser
wavelength, focusing conditions, and laser fluence on the ablation efficiency was studied. The relation between the ablation efficiency
and wavelength varied with laser fluence. The ablation efficiency at shorter wavelengths was higher at low fluence, while the ablation
efficiency at longer wavelengths was higher at high fluence. These findings were discussed in terms of the “intra-pulse” and “inter-pulse”
self-absorptions of the incident laser light by colloidal particles. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction ence of the laser fluence, spot size, and the number of laser
shots on the ablation efficiencies and particle size, in addi-
In recent years, requirements for new functional mate- tion to the effect of SDS on the growing process of particles.
rials are considerably increasing. Laser ablation is one of In this study, we have investigated on the influence of the
the useful techniques to produce new materials. Recently, itlaser wavelength on the ablation efficiency. The wavelength
has been reported that ablation of metal targets in solventsof the irradiated laser light will significantly affect the abla-
prepared colloidal solutions of nanoparticles [1-3]. Due to tion efficiency because it is associated with the absorption
the unique photochemical and photophysical properties of efficiency of the laser light by the surface of the metal tar-
nanoparticles differing from those of bulk, nanoparticles of gets and with the energy of the incident photons. However,
metals are expected to be used as functional materials. Inmost of the previous studies have performed using laser
addition, because of the simplicity of the procedure, laser light with single wavelength. Recently, Jeon and Yeh [7]
ablation in the solution system was applied on other mate- have reported the wavelength dependence of the ablation
rials such as &p [1]. efficiencies at 1064 and 532 nm, though the influence of the
Although the control of the size and size distributions focusing the laser light was examined only for 1064 nm. In
of particles is important, the mechanisms of colloid forma- this work, we have examined various fluence and focusing
tion by laser ablation have not been sufficiently investigated. conditions using laser light at 1064, 532, and 355 nm. In the
Thus far, some researchers have investigated on the influenc@revious paper [8], we have reported that the efficiencies of
of the ablation conditions on the ablation efficiency and the the Ag colloid formation depended on the laser wavelength.
size of particles. Prochézka et al. [4,5] studied on the influ- A remarkable finding was that the ablation efficiencies in-
ence of the focusing conditions and the energy of laser pulse.creased with an increase in laser wavelength when the laser
They also mentioned about the absorption of incident laser light was focused on the targets.
lights by colloidal particles (self-absorption) and its effect =~ Recently, Semerok et al. [9] reported the wavelength
on the particle size. Very recently, Mafuné et al. [6] reported dependence of ablation efficiencies of various metals (Al,
on the colloid formation mechanism in an aqueous solution Cu, Mo, Fe, Pb, and Ni) in the atmospheric circumstances
of sodium dodecylsulfate (SDS). They examined the influ- using laser light at 1064, 532, and 266 nm. The ablation
efficiencies were higher at shorter wavelengths for all
* Corresponding author. Tel./fax:81-92-583-7816. metal species. These results were contrary to our work in
E-mail addressta-tsuji@cm.kyushu-u.ac.jp (T. Tsuji). solution. In this report, we have studied the dependence
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of the ablation efficiency on the laser wavelength more concentration 10 mM) into the colloid solution before a drop

precisely using Ag and Cu targets to elucidate this of the solution was placed on a microgrid (Oken type A) and

feature. dried in air. Without SDS, the solution was repelled by the
microgrid.

2. Experimental
3. Results and discussion

Fig. 1 depicts a configuration of experimental apparatuses.
The fundamental (1064 nm) and frequency-multiplied out- 3.1. Ablation of silver
puts (355 and 532 nm) of a Nd:YAG laser (Spectra Physics
GCR-200) were used as an irradiation source. The laser was Fig. 2a shows typical absorption spectra of colloidal so-
operated at 10 Hz and the pulse duration was 5-9 ns. Thelutions prepared by ablating an Ag target in water with non-
central part of the laser beam was selected with an aperturefocused laser light. The spot size and fluence of laser light
to control the spot size of nonfocused laser light. The laser were 3mm and 0.9 J/chnrespectively, and the ablation was
light was conducted onto the target through the opening of carried out for 10 min. The solutions were not stirred. The
the cell. The energy of the irradiation beam was corrected spectrum showed characteristic features of Ag colloidal so-
for absorption by the solvent at each wavelength. Focusedlutions [10,11]. The prominent band observed at 405 nm was
or non-focused laser light was used to ablate targets. A lensassigned to the plasmon transitions of Ag particles. The ob-
(f = 100 mm) was placed above the cell when laser light servation of the plasmon band indicates that nanoparticles
was focused on the surface of the targets. To change the fo-of silver were prepared in water. The band in the UV region
cusing conditions of laser light, the relative position of the was assigned to the interband transitions of Ag particles.
lens to the targets was varied. Ag and Cu targets (Nilaco, The ablation efficiency was evaluated from the absorbance
>99.99%) were washed with distilled water and placed in a of the interband absorption at 250 nm because the plasmon
quarts cell containing 5 ml high-pressure liquid chromatog- band was greatly affected by the size and shape of the Ag
raphy grade water. The solutions were not stirred during
the ablation except for the case of examining the influence

of stirring the solutions. A magnetic stirrer was used when 0.08

the solutions were stirred. On stirring, no ripple was ob- (a) Nonfocused Ag
served on the surface of the solutions. Absorption spectra

of the colloid solutions were measured with a UV-visible 0.06 355

spectrometer (JASCO V-570). Transmission electron mi-
crographs of the colloidal particles were measured with

a transmission electron microscope (JEOL JEM-200CX) 0:04
operating at 200kV. To prepare samples for electron mi-
croscopy, a small amount of SDS solution was added (final 0.02 {
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Fig. 2. Absorption spectra of Ag colloidal solution prepared with various

wavelength laser lights. Exposure time: 10 min. (a) Laser beam was not
focused. Laser fluence: 900 mJ&ngb) Laser beam was focused. Laser
Fig. 1. Experimental setup for laser ablation of metals in water. fluence: >12 J/ck
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particles [6]. It is clear from Fig. 2a that the ablation effi- 1

ciency significantly depended on the laser wavelength. The (a) Nonfocused Cu
ablation efficiency was decreased as the laser wavelength in- 0.8

creased. Irradiation at 1064 nm caused no effective colloid 532

formation at this fluence. The dependence of the ablation
efficiency on the laser wavelength was identical with that
observed in the gas system [9].

355
Fig. 2b shows the absorption spectra of colloidal solutions 04
prepared with focused laser light. Focusing was optimized
by maximize the ablation efficiency (see the following sec- 0.2
tion). The spot size and the laser power without a focus- 1064

ing lens were 5mm and 4 mJ/pulse, respectively. Since the
spot size at the focal point was estimated to be less than
0.2mm by SEM observations, the fluence on the target was
estimated to be more than 12 Jkrit should be noted that 0.3 1
the dependence of the ablation efficiency on the laser wave- 1064
length was opposite between Figs. 2a and b. The fact that
the ablation efficiency increased as the laser wavelength in- 0.2
creased under focused conditions will be discussed in the 32
following sections.

Fig. 2b also showed that the shape of the plasmon band 0.1
depended on the laser wavelength. Compared with the spec-
trum obtained with 1064 nm laser light, the plasmon bands 355
obtaln_ed with 355 and 532 nm laser light are m_ore.broad_- "200 300 400 500 600 700 800
ened in the red spectral region, and the relative intensi- Wavelength (nm)
ties of the plasmon bands to the interband bands are re-
duced. The difference in the shape of the plasmon bandsFig. 3. Absorption spectra of Cu colloidal solution prepared with vari-

suggested the change in particle size under different laserous wavelength laser lights: (a) laser beam was not focused; (b) laser
wavelengths beam was focused. Ablation conditions were identical with those shown

in Fig. 2.

0.6

(b) Focused

Absorbance

-

3.2. Ablation of copper
3.3. Effects of the focusing conditions on

Figs. 3a and b show the absorption spectra of colloidal the ablation efficiency
solutions obtained by ablating Cu targets under nonfo-
cused and focused conditions at 355, 532 and 1064nm. The most remarkable feature among the results of the
The ablation conditions were the same as those for Ag. laser ablation of Ag and Cu in water is the relation between
The band due to the plasmon transition of Cu particles wasthe ablation efficiency and the wavelength of the focused
observed at 600 nm in the spectrum obtained by ablationlaser light. The ablation efficiency was higher at longer
at 1064 nm in Fig. 3b. However, the plasmon band was wavelengths than that at shorter wavelengths. In order to
less prominent in the other spectra in Fig. 3b, and disap- elucidate these phenomena, we have investigated the relation
peared in Fig. 3a. The spectral features of these colloidal between the ablation efficiency and the focusing conditions
solutions are similar to those of solutions containing CuO at each ablation wavelength. Figs. 4a and b show the intensi-
particles [3,12,13]. Cotton and coworkers [3] suggested ties of the interband transitions of colloidal solutions of Ag
that surface of Cu particles produced by laser ablation and Cu as a function of the relative position of the target to
was rapidly oxidized or hydroxidized by water because of the focal point. The position of the focal point was defined
high reactivity of copper. Thus, the band at 220nm ob- as the position where the maximum ablation efficiency was
served here was assigned to the interband transitions of Cubserved for each laser wavelength. At the focal point, the
and CuO. highest and the lowest ablation efficiencies were obtained

The ablation efficiency of Cu also depended on the laser with 1064 and 355 nm, respectively, being consistent with
wavelength. In the case of the nonfocused laser light, abla-the results shown in Figs. 2b and 3b. The ablation efficien-
tion efficiency increased in the order of 532 nmM355 nm > cies at all laser wavelengths decreased with increase in the
1064 nm, although the order of 355 and 532 nm was oppo- distance between target and focal point. The ablation effi-
site to that observed in the ablation of Ag. In the case of the ciencies at longer wavelengths decreased more rapidly than
focused laser light, the ablation efficiency at longer wave- those at shorter wavelengths. Thus, the ablation efficiency
lengths was higher than that at shorter wavelengths, beingat longer wavelengths became lower than that at shorter
agreement with the results of Ag. wavelengths as the focusing of laser light was weakened.
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Fig. 4. Absorbance at the interband transitions of colloidal solution of (a) Fig. 5. Absorbance of the interband bands of colloidal solution of (a) Ag
Ag and (b) Cu, as a function of the relative position of the targets to the and (b) Cu, as a function of the fluence of laser beams. Laser wavelengths
focus. The relative position was changed by moving the focal lens. Laser were: (O) 1064 nm; {J) 532nm; () 355 nm.

wavelengths were:() 1064 nm; [(J) 532nm; () 355nm. The sign of

the relative position was defined in the insertion. . . .
P colloid formation at 355 nm is lower than that at 532 nm.

No effective colloid formation was obtained with 1064 nm

The change in the ablation efficiency depends on the laserlaser light. The ablation efficiency increased with laser flu-
fluence. Because both the spot size and the fluence of theence at both 355 and 532 nm. However, the increase rates
laser light varied with focusing in the above experiments, were quite different between the two cases. The ablation
experiments with constant spot size must be performed toefficiency at 532 nm increased much rapidly than that with
estimate the relation between the fluence and ablation effi-355nm. Then, the ablation efficiency at 532 nm became
ciency. Thus, we have investigated the influence of the laserhigher than that at 355 nm at the fluence above 19fcm
fluence on the ablation efficiencies at each wavelength with Ag and above 0.7 J/chfor Cu. These findings led us to con-
nonfocused laser light because the fluence of the focusedclude that the relation between the ablation efficiency and
laser light could not be accurately determined. As shown laser wavelength is changed from that observed in the gas
by Mafuné et al. [6], increase in the spot area only caused system at high fluence. In addition, the data in Fig. 5b can
a linear increase in the ablation efficiency. Figs. 5a and b explain the ablation efficiency of Cu with the nonfocused
show the absorbance of the interband transitions of Ag andlaser light (Fig. 3a). It is clear that the laser fluence at which
Cu colloidal solutions as a function of the laser fluence. The the experiments were performed was above the “cross-
maximum fluence was limited to 1 J/éminder the present  point” between the ablation efficiency at 355 nm and that at
experiments. For both Ag and Cu, the threshold of the 532 nm.
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3.4. Effects of the self-absorption of the irradiations by (a) 1064 nm
colloidal particles

Figs. 4 and 5 indicate that the ablation efficiency at
shorter wavelengths is higher at low laser fluence, while the
ablation efficiency at longer wavelengths is higher at high
laser fluence. It is very important to note that the relation be-
tween the ablation efficiencies and laser wavelengths shown
by Semerok et al. [9] in the gas system were examined at
very high fluence above 100J/éniThus, the dependence
of the ablation efficiency on the laser wavelength observed
in this work still reflects characteristic features in ablations
of metals in solutions.

The most characteristic factors in the solution system dif-
fering from the gas system are the presence of solvent and (b) 532 nm
colloidal particles. Possible factors that affect the ablation
efficiency must be the absorption of laser light by solvent
and/or metal particles. Since we have corrected the laser
fluence for the absorption of water at each wavelength, the
effect of the absorption by solvents can be neglected. Thus,
the absorption of the laser light by the metal particles will be
an important factor. Unlike in the vacuum and gas systems,
the ablation of metals in the solution system results in the
formation of metal particles on the path of the incident laser
light. These particles can absorb the incident laser light. Itis
important to note that the efficiency of the self-absorption of .
laser light depends on absorption spectra of the colloidal so- 100 nm
lutions. At high fluence, the influence of the self-absorption
must be significant because many metal particles are gen-ig. 6. TEM images of silver colloid particles prepared with (a) 1064
erated. Based on the absorption spectra of the colloidal and (b) 532 nm irradiations under the focused conditions. The laser power
solutions of Ag and Cu and CuO, the efficiencies of the vyas 40 mJ/pulse. Th_e average diametdg, ) and the standard devia-

. . tions () of the particles are: (aPay = 31nmo = 11nm and (b)
self-absorption by Ag particles at 355 and 532 nm must be Day = 12NM o = 5nm.
higher than that at 1064 nm due to the plasmon bands around
400 nm (Fig. 2). Thus, the effective fluence of the 355 and
532 nm laser lights on the surface of the targets became lower4 mJ/pulse (the experimental conditions for Figs. 2b and 3b).
than that of the 1064 nm laser light. Similarly, the efficiency Therefore, we had to increase the laser power up to
of the self-absorption by Cu and CuO particles at 355nm 40 mJ/pulse (>120J/cHh Fig. 6 shows the TEM images
must be higher than those at 532 and 1064 nm (Fig. 3) dueof Ag colloids prepared with focused laser light at 532 and
to the interband absorption rising from 400 nm. Thus, the 1064 nm. Even at this fluence, it was difficult to prepare
laser fluence of the 355nm laser lights on the surface of enough colloids with the 355 nm irradiation. The size distri-
the targets became lower than that of the 532 and 1064 nmbutions were analyzed by counting 200 particles. The TEM
laser light. images clearly showed that the size and size distribution

It has been reported that the absorption of laser light by of particles depended on the laser wavelength. The average
colloidal metal particles caused change in the size of parti- diameter of the particles prepared with 532 nm laser light
cles [14]. Prochézka et al. [4] also showed that particle size (12nm) is smaller than that prepared with 1064 nm laser
was reduced by the self-absorption due to fragmentation. light (31 nm). The decrease in the particle size must be due
The changes in particle size will affect the spectral features to fragmentations of particles caused by the self-absorption
of the colloidal solutions. As shown in Fig. 2b, plasmon of irradiations.
band of the Ag colloidal solutions obtained with 355 and
532nm laser lights was broadened, compared with that ob-3.5. The relation between the colloid concentration
tained with 1064 nm laser light. These results suggested thatand the self-absorption
the self-absorption at 355 and 532 nm have a greater influ-
ence on the particle size than that at 1064 nm. We have also The above discussion indicated that the self-absorption
observed TEM images of Ag colloids. Unfortunately, col- of laser light by colloidal particles had a great influence
loidal solutions with enough amount of particles to prepare on the ablation efficiency in the solution system. There are
TEM samples could not be obtained at the laser power of two possible processes for the self-absorption. One process




206

is “inter-pulse” self-absorption, in which particles produced
by the earlier pulses stay in the laser light path and ab-
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sorb the latterly coming pulses. The other is “intra-pulse”
self-absorption, in which particles produced by the earlier
part of one pulse immediately absorb the photons of the later
part of the same pulse. The latter process must be taken into
account when the nanosecond laser pulses are used for the
ablation of metals because the ejection of the ablated matter
begins in picoseconds scale [9].

The relative contribution of the inter-pulse and intra-pulse
self-absorptions to the ablation efficiency has been deter-
mined from the fact that the efficiency of the inter-pulse
self-absorption will increase with the accumulation of the
particles, while that of the intra-pulse self-absorption will be
constant. Fig. 7a shows absorbance of the Ag colloidal so-
lution at 250 nm as a function of the number of laser shots.

It is clear from the slope of the evolution curves that the in-
creasing rate of the particle abundance gradually decreased
with the number of laser shots at all wavelengths. The de-
crease in the ablation rate must be due to an increase in the
inter-pulse self-absorption. It should be noted that the par-
ticle abundance obtained by shorter wavelength laser light
was lower than that obtained by longer wavelength laser
light in the entire laser shots. This finding indicated that the
effect of the self-absorption on the shorter wavelength laser
light was brought by a very low concentration of colloidal
particles. A possible explanation for such efficient absorp-
tion is due to the localized particles in the vicinity of the sur- 0
face of the target. It may be possible that the concentration
of the particles at the ablation spot may be higher than that
estimated by absorbance of the colloidal solution. To reduce
such a “micro-concentration” effect, solutions were stirred
during ablation. Fig. 7b shows that the ablation efficiencies
decreased by stirring the solutions. The decrease in the ab-
lation efficiency by stirring solutions was also reported by
Prochazka et al. [4] and explained in terms of the increased
effect of the inter-pulse self-absorption by stirring solutions .
because the particles spread over the entire laser light path.
Furthermore, the ablation efficiency at shorter wavelengths
is still lower than that at longer wavelengths even in the <
very low particle concentration. In the case of the stirred 0 ¥
solution, the efficiency of the inter-pulse self-absorption 0 1 2 3 4 5 6
can be estimated from the absorbance of colloidal solutions 3

. . . Laser shot (107)
at wavelengths of the laser light, if we assume that particles
are almost completely diffused by stirring. Fig. 7¢c Shows fig 7. asorbance of Ag colloidal solution as a function of the laser
the absorbance at the wavelengths of the laser light for shot. The laser lights were focused. (a) Absorbance at 250 nm of solutions
Ag colloidal solutions as a function of the laser shots. The prepared with 1064 nm(), 532nm (), and 355nm 4) laser light. (b)
absorbance of the solution at 355 nm obtained with 355 nm Same as (a), except solutions were stirred during ablation. (c) Absorbance
aser light was lovier than that at 532nm obtained with % $927mF coloa sotons pepased wih 9521 et B
532nm laser light in the entire shots. This finding indicated jignt ().
that the efficiency of the inter-pulse self-absorption should
be lower for 355 nm laser light than that for 532 nm laser the intra-pulse self-absorption will occur in definite area
light, which is inconsistent with ablation efficiencies ob- and will not be concerned with the entire concentration of
served. Thus, the influence of the intra-pulse self-absorptionthe solutions, the absorption of shorter wavelength laser
should be taken into account to explain the efficient ab- light can occur even at a very low entire concentration. To
sorption of the shorter wavelength laser light. Because confirm these assumptions, we are planning to do further
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detailed experiments using femtosecond laser pulse in aReferences
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