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(57) ABSTRACT

Various embodiments include a method of producing chemi-
cally pure and stably dispersed metal and metal-alloy nano-
particle colloids with ultrafast pulsed laser ablation. A
method comprises irradiating a metal or metal alloy target
submerged 1n a liquid with ultrashort laser pulses at a high
repetition rate, cooling a portion of the liquid that includes an
irradiated region, and collecting nanoparticles produced with
the laser irradiation and liquid cooling. The method may be
implemented with a high repetition rate ultrafast pulsed laser
source, an optical system for focusing and moving the pulsed
laser beams, a metal or metal alloy target submerged 1n a
liquid, and a liquid circulating system to cool the laser focal
volume and collect the nanoparticle products. By controlling
various laser parameters, and with optional liquid flow move-
ment, the method provides stable colloids of dispersed metal
and metal-alloy nanoparticles. In various embodiments addi-
tional stabilizing chemical agents are not required.
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PRODUCTION OF METAL AND
METAL-ALLOY NANOPARTICLES WITH
HIGH REPETITION RATE ULTRAFAST
PULSED LASER ABLATION IN LIQUIDS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation of U.S. applica-
tion Ser. No. 12/320,617 filed Jan. 30, 2009 and a continua-

tion of PCT/US09/37643 filed Mar. 19, 2009, which 1s related
to U.S. Ser. No. 11/712,924, entitled “Method for producing,
and depositing nanoparticles™, filed Mar. 2, 20077, now pub-
lished as U.S. Patent Application Publication Pub. No. 2008/
000652. U.S. Ser. No. 11/712,924 1s hereby incorporated by

reference inits entirety. This application s also related to U.S.
Ser. No. 12/254,076, entitled “A method for fabricating thin

films™, filed Oct. 20, 2008. U.S. Ser. No. 12/254,076 1s hereby
incorporated by reference in its entirety.

FIELD OF THE INVENTION

[0002] This invention relates to pulsed laser ablation and
nanoparticle generation.

BACKGROUND

[0003] Portions of the following specification make refer-
ence to various patent documents and non-patent literature.
The citations are listed as Patent documents and non-patent
literature near the conclusion of the section entitled “Detailed
Description”.

[0004] There are mainly two categories ol methods of pro-
ducing metal nanoparticles: chemical and physical methods.
All chemical methods mmvolve complex chemical agents for
reducing the source compounds and stabilizing the colloid
against coagulation. Taking gold nanoparticle as an example:
one of the traditional chemical methods [Ref. 1] uses a reduc-
ing agent ol sodium citrate to reduce chloroauric acid 1n a
liquid such as water. The sodium 1ons also act as surfactant
and prevent the gold nanoparticles from aggregation. In
another traditional chemical process [Rel. 2], sodium boro-
hydride 1s used as the reducing agent and tetraoctylammo-
nium bromide 1s used as the stabilizing agent. Apparently a
nanoparticle colloid made with these methods will contain
many chemical ingredients in addition to the metal and the
liquad. For many applications, these additional chemical
ingredients can negatively affect the performance. For
example, 1n biomedical and sensing applications, the stabi-
lizing surfactants that are added during the production pro-
cess can reduce the ability of gold nanoparticles to bind with
those molecules that functionalize the nanoparticles for the
intended application. Also, 1n catalyst applications, the cata-
lytic activities of nanoparticles can be reduced by the chemi-
cal stabilizers, which reduce the effective surface area of
nanoparticles exposed to the reactions.

[0005] One of the physical methods to produce metal nano-
particles 1s pulsed laser ablation 1n liquids [Ref. 3-6]. In this
process, a pulsed laser beam 1s focused on the surface of a
target that 1s submerged 1n a liquid. The ablated material
re-nucleates 1n the liquid and form nanoparticles. This 1s a
practically very simple and economic method. However, for
the same reason of preventing nanoparticle aggregation, sta-
bilizing chemical agents need to be added 1n the liquid during,
the ablation process [Ref. 6].
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[0006] Many attempts have been tried to obtain chemically
pure (1.€., iree of chemical agents such as polymer, surfactant,
ligand, and etc. for stabilization) metal nanoparticle colloids.
For example, in a two-step femtosecond laser ablation
method [Ref. 3], a Ti:sapphire laser is first used to ablate a
gold target in water to produce a colloid. The colloid 1s then
irradiated by the same laser for an elongated time up to 2 hrs.
It 1s believed that the white light super-continuum induced by
the intense ultrashort laser pulse 1n water can fragment large
particles into nanoparticles and prevent coagulation.

[0007] For applications in photonics, another 1ssue 1s to
obtain tunable plasmon resonant frequency, primarily with

gold nanoparticles. One suggested way 1s to vary the gold
nanoparticle sizes, but the amount of shift of the resonant
frequency 1s limited. An alternative way 1s to form alloy
nanoparticles. It 1s expected that by adjusting the alloy com-
position, other physical properties such as plasmon resonance
wavelength can be tuned accordingly. Again, the 1ssue of
preventing particle aggregation needs to be addressed 1n both
chemical and physical methods of making alloy nanopar-
ticles.

[0008] For laser-ablation based physical methods, certain
production rates may be required. Laser power and pulse
repetition rate are factors that limit production speed. The
repetition rate can be particularly relevant because the
amount of material removed by each laser shot 1s limited by
the target material’s absorption length at the laser wavelength.
Standard solid state pulsed lasers such as Nd:YAG and
T1:Sapphire have very high pulse energy, ranging from mailli-
Joule to Joule, but a limited pulse repetition rate, ranging from
10 Hz to 1 kHz. In the two-step femtosecond laser ablation
method introduced 1n [Ret 8], the long irradiation time in the
second step further limits the production rate.

[0009] As used herein, a stable colloid refers to a colloid
having nanoparticles that do not aggregate during an
extended time period after production. Such an extended time
period may be at least one week, and more preferably longer
than one month. By way of example, a red color of a gold
colloid will be preserved for at least one month, and the
colloid may be characterized with optical absorption spec-
troscopy measurements.

[0010] As used herein, a chemically pure colloid refers to a
colloid that contains only a liquid and nanoparticles. Such a
chemically pure colloid does not require an additional chemi-
cal agent to prevent aggregation among nanoparticles, and
does not require such a chemical to stabilize the colloid
against coagulation. By way of example, a chemically pure
gold-water colloid contains only water and gold nanopar-
ticles, and 1s substantially free of stabilizing agents, such as a
polymer, surfactant, ligand, or similar agents.

SUMMARY OF THE INVENTION

[0011] A desirable advancement for production of metal or
metal-alloy nanoparticles avoids coagulation, eliminates a
requirement for any stabilizing agent, and provides for rapid
throughput.

[0012] Several problems with the production of metal and
metal-alloy nanoparticles are solved with various embodi-
ments. The problems include but are not limited to colloid
stability, colloid purity, variable plasmon resonance, and pro-
duction rate.
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[0013] At least one embodiment provides a physical
method of producing nanoparticles, for example metal or
metal-alloy nanoparticles, with ultrashort pulsed laser abla-
tion 1n liquids.

[0014] At least one embodiment includes a method of pro-
ducing nanoparticle colloids. The method includes generat-
ing pulsed laser beams at a repetition rate. The pulsed laser
beams 1rradiate a target disposed 1n liquid that 1s substantially
transparent at a wavelength of the pulsed laser beams. The
target comprises a source material for production of metal or
metal-alloy nanoparticles. The method includes producing
liquid flow, relative motion between the pulsed laser beams
and the target, or both.

[0015] At least one embodiment includes a system for car-
rying out the above method.

[0016] At least one embodiment provides a product com-
prising a colloid that does not coagulate during an extended
time period, for example at least one week. The colloid does
not contain stabilizing chemical agents.

[0017] At least one embodiment provides a product com-
prising metal or metal alloy nanoparticles collected from
colloids. The colloids do not coagulate during an extended
time period, for example at least one week. The colloid does
not contain stabilizing chemical agents.

[0018] In various embodiments:

[0019] arepetition rate 1s 1n the range of about 10 kHz to
100 MHz, and more preferably 1n the range of about 100
KHz to 10 MHz.

[0020] a pulse duration 1s 1n the range of about 10 fem-
toseconds to 200 picoseconds, and preferably between
about 0.1-10 ps.

[0021] a pulse energy 1s 1n the range of about 100 nano-
Joule to 1 mulli-Joule, and preferably between about
1-10 micro-Joule.

[0022] a target comprises gold, silver, or copper.

[0023] a target comprises binary and ternary alloys of
gold, silver, and copper.

[0024] a target comprises a precious metal,

[0025] the precious metal may comprise platinum, pal-
ladium, or alloys containing platinum or palladium.

[0026] a liquid comprises de-1onized water.
[0027] de-1omized water may have a resistance greater
than 0.05 M Ohm-cm.

[0028] liquid flow includes liquid movement across the
target surface.

[0029] liquid tlow speed may be greater than 10 ml/s.
[0030] liquid flow may be produced by a vibration stage.
[0031] a wvibration stage may cause movement with a

frequency greater than about 1 Hz, and an amplitude
greater than about 1 mm.

[0032] relative motion of a pulsed laser beam may be
guided by a vibration mirror.

[0033] a vibration mirror may operate at a frequency
greater than about 10 Hz, and provide an angular ampli-
tude greater than about 0.1 mrad.

[0034] a vibration mirror may guide laser beam move-
ment on a target such that the focal spot moves with
speed preferably greater than about 0.1 my/s.

[0035] nanoparticle colloids do not coagulate during a
time period of at least one week after production of the
nanoparticles, and do not contain a stabilizing chemical
agent.
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[0036] a repetition rate may be at least a few KHz, and
suiliciently high such that production rates are improved
relative to that obtainable with a single solid-state pulsed
laser source.

[0037] pulsed laser beams propagate within the liquid, and
irradiating includes focusing the pulsed beams on a surface of
the target.

[0038] producing the relative motion includes rastering
pulsed laser beams relative to the target.

[0039] liquid flow causes cooling a region about the target
and transporting of the nanoparticles away from a target
region and toward a collection location.

[0040] at least two pulsed beams may have a temporal
separation of about 10 usec or less.

[0041] a colloid 1s stable for at least one week.

[0042] a colloid 1s stable for at least about 2 months.
[0043] colloids may be characterized by absorption spectra
information.

[0044] colloids may consist of liquud and nanoparticles,

and the nanoparticles may comprise at least one of ametal and
metal alloy.

BRIEF DESCRIPTION OF THE DRAWINGS

[0045] FIG. 1 schematically illustrates a laser-based sys-
tem for producing nanoparticles in a liquid.

[0046] FIG. 2 1s a plot of absorption versus wavelength
(absorption spectra) of a gold nanoparticle water colloid mea-
sured over a one month separation. The two curves are almost
identical near the resonance peak, demonstrating the high
stability of the colloid.

[0047] FIG. 31saplotschematically illustrating interaction
potentials between two small particles 1 a liquid. 3(a): Solid
curve 1llustrates an attractive potential between particles.
Dashed curve indicates a possible repulsive potential, for
example due to Coulomb repulsion. 3(»): Sum of an attractive
and a repulsive potential makes a repulsive potential barrier at
a certain distance (x ) that can increase the distance of closest
approach between two particles.

[0048] FIG. 4 1s atransmission electron microscope (TEM)
image of gold nanoparticles sampled by drying a drop of
colloid on a TEM sampling grid.

[0049] FIG. 5 1s a plot of absorption versus wavelength,
illustrating absorption spectra of silver, gold, and copper
nanoparticle water colloids.

[0050] FIG. 6 15 a plot of absorption versus wavelength,
illustrating absorption spectra of AuAg alloy nanoparticle
water colloids with five Au contents of O (1.e., pure Ag), 30,
45, 80, and 100 (1.e., pure Au) percent.

[0051] FIG. 7 1s an 1image of a series of alloy nanoparticle
water colloids. Various colors result from different plasmon
resonance wavelengths.

DETAILED DESCRIPTION

[0052] FIG. 1 schematically illustrates a portion of laser-
based system for producing nanoparticles 1n a liquid. In an
embodiment laser beam 1 1s received from a ultrashort pulse
source (not shown), focused by lens 2, and guided by a
mechanism for rapid movement of a beam, for example a
vibration mirror 3, to a target 4. The target 1s submerged
several millimeters below the surface of a liquid 5 that 1s
contained 1n a container 6, and is preferably submerged less
than 1 cm. The container 6 1s placed on a motion stage 7, for
example a translation stage. Liquid flow 1s introduced
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through the container so that the nanoparticles 8 can be car-
ried away and collected elsewhere. The flow of liqud also
cools the laser focal volume. The liquid 1s preferably de-
ionized water having resistivity preferably greater than 1 M
ohm-cm. In some embodiments the liquid may be distilled
water, or another suitable liquid. A controller (not shown) 1s
operatively coupled to the pulsed source, motion system,
and/or circulation system. The controller coordinates beam
delivery, liquid tflow, and motion. The controller may also be
coupled to a system computer, user interface, telecommuni-
cation equipment, and/or other standard devices, and config-
ured so as to be programmed from a remote location.

[0053] A laser for nanoparticle generation may have a
wavelength of about 1.03 um (a layer of water of a few
millimeters has negligible absorption at this wavelength), a
pulse energy 1n the range of about 1 to 20 micro-Joule, and
preferably below about 10 micro-Joule. A pulse duration of
about 500 {s, and up to about 10 ps, may be used without
significantly affecting the formation of nanoparticles. A pulse
repetition rate may be 1in the range of about 100 kHz to 5 MHz.
A preferred laser system will be further discussed below.
Water tlow, beam movement, or both may be used to avoid
heat accumulation at the high repetition rate.

[0054] By way of example, a vibration mirror 3 1s config-
ured for fast rastering or other movement of the laser beam on
the target surface. In some embodiments the mirror vibration
frequency i1s preferably larger than 10 Hz with angular ampli-
tude preferably larger than 1 mrad. Rastering speed on the
target surface greater than 0.01 m/s may be provided. Such a
mirror can be a piezo-driven mirror, a galvanometer mirror, or
other suitable apparatus for beam movement.

[0055] Water flow can be introduced to the container by a
circulation system, with tlow speed preferably greater than 10
ml/s. When a circulation system 1s not available, introducing,
lateral vibration movement can also cause water flow locally
across the ablation spot. For example motion stage 7 may be
moved 1n a direction perpendicular to the laser beam as 1ndi-
cated 1n FIG. 1. The vibration stage preferably has a vibration
frequency of several Hz and amplitude of several millimeters.

[0056] Invarious embodiments, stable and chemically pure
colloids are produced by controlling both the laser parameters
and the liquid flow. Laser parameters include pulse duration,
pulse energy, pulse repetition rate, and beam movement.

[0057] Ultrashort pulse widths are preferred. In many laser
processing applications an ultrashort pulse duration, for
example in the range of a few picoseconds to several hundreds
ol femtoseconds, enhances ablation efliciency as a result of
very high peak power and a small heat-affected zone.

[0058] For applications 1n nanoparticle generation, 1n par-
ticular, 1n a few previous studies co-authored by the inventors
[Ref 7, 8] 1t was found that low pulse energy (more precisely
a low fluence) near the ablation threshold 1s preferred for
nanoparticle generation. The ablated material exists predomi-
nantly 1n the form of nanoparticles with a narrow size distri-
bution. A U.S. patent application No. 2008/0006524 also
teaches a method of generating nanoparticles 1n vacuum and
ambient gas based on these studies.

[0059] Preferably a high pulse repetition rate, for example
at least about 10 kHz, and more preferably at least about 100
KHz, 1s employed, for at least three reasons. The first 1s the
multiple pulse effect 1n high repetition rate pulsed laser abla-
tion. With a pulse separation of less than 10 micro-seconds
(1.e., a high repetition rate greater than 100 kHz), the ablated
material, before drifting away from the laser focal volume,
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will recetve multiple laser shots and become highly charged.
The inventors discovered stable nanoparticle colloids can be
made at such high repetition rates without adding additional
stabilizing chemical agents. The second reason 1s that upon
ablation by multiple pulses, fragmentation of large particles
can happen, resulting 1n a size distribution dominated by
nanoparticles. The third reason 1s a high production rate that
benefits from a high repetition rate.

[0060] The inventors also discovered fast rastering of the
laser beam during ablation i1s beneficial with high repetition
rate operation. For example, without such fast rastering of the
laser beam, the stream of nanoparticles produced by the lead-
ing laser pulses will eventually block the subsequent laser
pulses by scattering and absorption. More importantly, accu-
mulated heating of the water due to the high repetition rate
can also iduce nanoparticle coagulation.

[0061] In addition to the laser parameters, the inventors
found that liquid motion 1s also useful 1n making stable nano-
particles. A dispersed suspension of nanoparticles 1n water 1s
essentially 1n a metastable state, 1.¢., a kinetically stable state
instead of a thermodynamically stable state. Flowing the lig-
uid during production helps to reduce nanoparticle thermal
movement that may overcome the kinetic barrier of coagula-
tion. Moreover, fast rastering of the laser beam 1s also ben-
eficial for reducing nanoparticle thermal motion.

[0062] Some embodiments provide nanoparticles with
various plasmon resonance wavelengths. This can be
achieved by using metal alloy targets. Earlier studies [Ref. 8]
showed that for binary alloys such as NiFe, low fluence abla-
tion near the ablation threshold generates nanoparticles that
have the same alloy composition as the original alloy target.
Based on these studies, various embodiments employ binary
alloy targets and provide a method of making alloy nanopar-
ticles with various compositions and accordingly various
plasmon resonance frequencies.

[0063] Inexamples that follow, group IB elements Au, Ag,
Cu and their alloys are used as demonstration examples.
However, the examples are non-limiting and other metals and
metal-alloys may be utilized 1n various embodiments. For
example, precious metals may be utilized. Such metals
include, but are not limited to, platinum, palladium, and
alloys containing platinum or palladium. Suitable metal or
metal-alloy targets are modified with ultrashort pulses. Most
preferably, the target material 1s non-reactive with the liquid,
and not oxidized by water or other liquid during laser pro-
cessing. Those of skill 1in the art will recognize that the abla-
tion threshold and other laser parameters for ablating other
metals will vary to a degree from those of Au as discussed
herein; colloids of these metals, or metal-alloys thereof, are
within the scope of the present mnvention

[0064] FIG. 2 shows two absorption spectra of a gold nano-
particle colloid made with high repetition rate, ultrashort laser
ablation as disclosed above, and measured after one month to
determine stability. The two spectra are nearly identical near
the resonance peak, demonstrating the high stability of the
colloid. In fact, the inventors also produced gold nanoparticle
colloids that were stable for an extended time period of about
eight months without coagulation.

[0065] Although 1t 1s not necessary to the practice of
embodiments to understand the operative mechanism therein,
the stability of the gold nanoparticle colloid against coagula-
tion was 1nvestigated. A simple test was performed by 1nten-
tionally adding a few drops of 1 M NaCl water solution to a
gold nanoparticle water colloid. The originally red gold nano-
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particle colloid became instantaneously dark purple upon the
NaCl solution being added. In less than an hour the dark color
disappeared and the gold colloid became colorless transpar-
ent with visible sediments sunk on the container bottom. This
simple test suggested that the gold nanoparticles were
charged, and the added Na+ and Cl- 10ons shielded the Cou-

lomb repulsion and caused the nanoparticle aggregation.

[0066] FIG. 3 schematically illustrates two cases of an
interaction potential W as a function of distance x between
two small particles 1n a liquid. The solid curve 1n FIG. 3(a)
illustrates an attractive potential, which 1n the case of gold
particles 1n water, can be due to (1) the attractive Van de Waals
force between gold nanoparticles and (11) the hydrophobic
interaction between gold surface and water, which prefers
particle aggregation 1n order to reduce interfacial energy. I
the particles are charged, a Coulomb repulsion, illustrated by
the dashed curve, exists between the particles. The sum of the
two opposite potentials 1s illustrated 1n FIG. 3(b), where the
positive (1.e., repulsive) barrier near a certain distance x_ will
serve to prevent particle aggregation.

[0067] Nanoparticle charge may result from a multiple
pulse effect 1n a high repetition rate pulsed laser ablation. In
general, each single laser shot, when suificiently intense will
produce a mixture of 1ons, electrons, neutrals, and particles,
often referred to as “plume”. Such a mixture may be produced
when the laser intensity 1s above the ablation threshold. How-
ever for plume produced by a single laser shot, the charge
mostly resides 1n the vapor part, while the solid portion,
specifically the nanoparticles, remains mostly neutral. When
employing a high repetition rate laser with pulse separation
less than 10 micro-seconds, the solid portion, specifically the
nanoparticles of the plume will receive multiple laser shots
betfore drifting away from the focal volume. It 1s during this
time that the particles are charged by the intense laser field.

[0068] In such a colloid the particles stay metastably dis-
persed against coagulation. As indicated in FIG. 3(b), when
particles acquire suificient thermal energy, corresponding
with KT being greater than the barrier height, the particles will
tall into the attractive trap and aggregate. This mechanism 1s
indicated in FIG. 3(b) by the upper dashed horizontal line, and
can partly explain why metal nanoparticles generated with
pulsed laser ablation 1n water tend to aggregate when using a
long pulse duration and a high pulse energy. For example,
water breakdown threshold is about 1x10'° W/cm?, and cor-
responds to a fluence of about 10" J/cm” fora 1 ns pulse. Even
with the fluence below the water breakdown threshold, the
water under illumination of such a long laser pulse can be
heated to a high temperature, easily above 1ts boiling point.
The heating 1s manifested with bubbles which can be
observed visually during ablation. The nanoparticles can
therefore acquire sufficient thermal energy such that the
repulsive barrier 1s overcome. The nanoparticles fall into the
attractive trap and aggregate. For the same reason, with a high
repetition rate laser, for example 10 kHz and above, fast
rastering the laser beam can reduce heat accumulation in
water. Water tlow can also help to bring in fresh and cold
water to the focal volume of the laser.

[0069] In some embodiments ablation 1s carried out with
relatively low fluence. A fluence about 10 J/cm”® with a 1 ps
pulse may be excessive. For example, such an excessive tlu-
ence may be several times greater than the ablation threshold
(e.g.: about 1 JJem” with a 1 ps pulse for most metals). With
excessive tluence, the ablated material 1s mostly evaporated,
and the vapor 1s subsequently forced to re-nucleate under the
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hydrostatic pressure of the liquid. In other words, the path of
phase evolution 1s from solid bulk, to vapor, and then to solid
particles. As a result, a clogged network of nanoparticles will
form upon nucleation, which degrades the stability against
coagulation.

[0070] In a few earlier works of ultrashort pulsed laser
ablation 1n vacuum and low pressure ambient gas [Ref. 7], 1t
was found that at low laser fluence near the ablation threshold.,
typically less than about 3 J/cm?® for most metals, the ablated
material automatically exists as an ensemble of nanoparticles
without forced nucleation by externally applied high pres-
sure. This observation i1s later explained based on critical
point phase explosion [Rel 9], where a solid bulk disinte-
grates into nanoparticles near the material’s critical point.
This mechanism can partly account for the preferred low
fluence for applications in nanoparticle generation 1n that the
phase evolution path 1s from solid bulk to solid nanoparticles.

[0071] By way of example, 1n various embodiments for
making metal or metal-alloy nanoparticles, a pulse intensity
may be in the range of about 10'" to 10"° W/cm® , preferably
about 10'*-low 10'° W/cm?, and most preferably around 0.5x
10'2-3x10** W/cm>. Moreover, with the above fluence val-
ues, raster operation with a speed from 0.01-1 m/s at the
surface and liquid flow of at least about 10 ml/sec 1s suitable.

By way of example, a minimum fluence with 1 ps pulses may
be about 0.1 J/cm®.

[0072] FIG. 415 atransmission electron microscope (TEM)
image ol a gold nanoparticle colloid. The sample 1s obtained
by drying a drop of colloid on a TEM sampling grid. It 1s
observed that the population 1s dominated by nanoparticles of
4-5 nm, and there are distinguishingly larger nanoparticles
with diameters around 30-50 nm. This bimodal particle size
distribution 1s consistent with what was observed on nano-
particles generated with ultrashort pulsed laser ablation of
other materials such as N1 in vacuum [Ref. 7]. The particle
s1ze distribution can be improved by employing a flat trans-
verse beam profile mstead of a Gaussian beam profile, for
example. Nevertheless, for many applications, the bimodal
s1ze distribution does affect performance.

[0073] Tocompensate forthe low production rate due to the
low fluence, a high repetition rate laser 1s also preferred. This
1s yet another reason for use of a high repetition rate source,
for example a source that produces at least two pulses with
time separation of about 0.1 usec of less.

[0074] IMRA America Inc., the assignee of the present
application, disclosed several fiber-based chirped pulse
amplification systems. For example, such systems provide a
high repetition rate from 100 kHz to above 1 MHz, an
ultrashort pulse duration from 3500 femtoseconds to a few
picoseconds, and a average power of more than 10 W. By way
of example, a fiber-based chirped pulse amplification system
(FCPA) may be used in various embodiments. The commer-
cially available D-1000 available from IMRA America pro-
vides microjoule pulses and an adjustable repetition rate over
the range of 100 KHz to 5 MHz, with 1 W average power.
Output pulse widths are less than 1 ps. These lasers are par-
ticularly suited for the current applications. Compared with
the typical 10 Hz-1 kHz repetition rate of standard solid state
lasers, fiber-based systems can improve the production rate
by one order of magnitude. With a repetition rate of 200 kHz,
a pulse energy of 10 micro-Joule per pulse (average power of
2 W), and pulse duration of 3500 s, a 20 ml colloid of gold
nanoparticles with an optical density (O.D.) of 1 per centi-
meter can be produced 1n 30 min. This 1s a much faster speed
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than the reported laser-ablation-based methods such as those
in Ref 6. With a typical average power of 10 W and with split
beams, the production speed can be increased by a factor of 5.

[0075] The methods disclosed herein may also be applied
to silver and copper. FIG. 5 shows the absorption spectra of
nanoparticles of all three elements of the IB group, all pre-
senting a distinguished plasmon resonance peak.

[0076] Another aspect of the various embodiments 1s to
provide metal alloy nanoparticles colloids with various plas-
mon resonance wavelengths. In earlier works of ultrashort
pulsed laser ablation of NiFe alloys in vacuum [Ref. 8], 1t was
discovered that with a low fluence near the ablation threshold,

the product nanoparticles have the same alloy composition as
the original alloy target. This 1s also understood as a disinte-
gration of solid bulk into nanoparticles near 1ts critical point,
during which alloy phase separation 1s inhibited. Applying
this finding to ablation 1n water, colloids of alloy nanopar-
ticles of the group IB metals are obtained with various alloy
compositions and accordingly various plasmon resonance
wavelengths. FIG. 6 shows absorption spectra of a series of
AuAg alloy colloids with five Au composition varying from O
(1.e. pure Ag) to 100 (1.e., pure Au) percent. The shift of the
plasmon resonance wavelength with the alloy composition 1s
apparent. FIG. 7 1s an image of several such group IB alloy
nanoparticle colloids, mcluding AuAg and AuCu. Various
colors result from the different plasmon resonance wave-
length.

[0077] The colloidal nanoparticles can be collected as
nanoparticle powders, can be condensed to nanoparticle
pastes or nanoparticle inks, can be dispersed to solid support-
ers, and can also be assembled to thin films or 3D structures.
The applications of these collections or modifications of col-
loidal nanoparticles include, but not limited to, conductive
pastes, ks, catalysts, photonic crystals, chemical and bio-
logical sensors, medical and life science products, and envi-
ronmental products such as anti-bacterial agents, deodorizing,
agents, and water purilying agents.

[0078] Thus, while only certain embodiments have been
specifically described herein, it will be apparent that numer-
ous modifications may be made thereto without departing
from the spirit and scope of the invention. Further, acronyms
are used merely to enhance the readability of the specification
and claims. It should be noted that these acronyms are not
intended to lessen the generality of the terms used and they
should not be construed to restrict the scope of the claims to
the embodiments described therein.
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What 1s claimed 1s:
1. A method of producing nanoparticle colloids, compris-
ng:
generating ultrashort pulsed laser beams at a pulse repeti-
tion rate greater than 100 kHz, each pulsed laser beam
having a pulse with pulse energy 1n the range from about
1-20 ul, and a pulse duration up to about 10 picoseconds
(ps):

irradiating a target with said pulsed laser beams, said target
being disposed 1n liquid that 1s substantially transparent
at a wavelength of said pulsed laser beams, said target
being a source material for production of metal or metal-
alloy nanoparticles that result from target material modi-
fication; and

imparting relative motion between said pulsed laser beams

and said target with at least movement of the pulsed laser
beams to limit heat accumulation and to substantially
avold blocking of laser pulses by scattering and absorp-
tion from nanoparticle colloids that are formed 1n said
liquid at said repetition rate,

wherein at said repetition rate above 100 kHz a size distri-

bution dominated by nanoparticles results from frag-
mentation of particles 1n the laser plume, and highly
stable nanoparticle colloids are produced with said steps
of generating, rradiating, and imparting.

2. The method of claim 1, wherein said target comprises
gold, silver, or copper.

3. The method of claim 1, wherein said target comprises a
binary alloy.

4. The method of claim 1, wherein said target comprises a
precious metal.

5. The method of claim 1, wherein said liquid comprises
de-10onized water.

6. The method of claim 5, wherein said de-ionized water
has a resistance greater than 0.05 M Ohm-cm.

7. The method of claim 1, further producing liquid flow
relative to a surface of said target, and wherein said hiquid
flow comprises liquid movement across the target surface.

8. The method of claim 1, wherein said liquid 1s substan-
tially free of any stabilizing chemical agents.

9. The method of claim 1, wherein imparting said relative
motion of said pulsed laser beams comprises guiding said
beams with a vibration mirror.
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10. The method of claim 9, wherein said guiding comprises
operating said vibration mirror at a frequency greater than
about 10 Hz, and providing an angular amplitude greater than
about 0.1 mrad.

11. The method of claim 10, wherein the vibration mirror
guides laser beam movement on the target such that a focal
spot moves with speed greater than about 0.1 m/s.

12. The method of claim 1, wherein said pulsed laser beams
propagate within said liquid, and said irradiating comprises
focusing said pulsed beams on a surface of said target.

13. The method of claim 1, wherein said imparting said
relative motion comprises rastering said pulsed beams rela-
tive to said target.

14. The method of claim 1, wherein said liquid flow causes
cooling a region about said target and transporting of said
nanoparticles away from a target region and toward a collec-
tion location.

15. The method of claim 1, wherein said colloids are stable
for at least one week.

16. The method of claim 1, wherein said colloids are stable
for at least about 2 months.

17. The method of claim 1, wherein a pulse duration of a
pulsed beam 1s in the range of about 0.1-10 ps.

18. The method of claim 1, wherein a pulse energy 1s 1n the
range of about 1-10 micro-Joule.

19. A laser-based system for nanoparticle generation 1n
liquids, comprising;:

a high-repetition rate source of pulsed laser beams gener-
ating pulses at rate greater than 100 kHz, each pulsed
laser beam having a pulse with pulse energy in the range
from about 1-20 ul, and a pulse duration up to about 10
picoseconds (ps);

a posttioner, including an optical scanner, to produce
motion between said target and said pulsed beams;
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a circulation system to produce liquid flow about said

target;

a collector disposed at a collection location to collect said

nanoparticles; and

a controller operatively coupled to at least said source,

motion system, and said circulation system.

20. A product, comprising: colloids that are chemically
pure and do not coagulate during a time period of at least one
week after production of said colloids, said colloids charac-
terized by having a particle size distribution dominated by
nanoparticles.

21. The product of claim 20, made with a method of high-
repetition rate, ultrashort laser processing.

22. The product claim 20, wherein stability of said colloids
1s characterized by absorption spectra information exhibiting
nearly 1dentical spectra near a resonance peak.

23. The product of claim 20, wherein said colloids consist
of a liquid and nanoparticles, said nanoparticles comprising at
least one of a metal and metal alloy.

24. The product of claim 20, wherein said chemically pure
colloids are substantially free of any stabilizing chemical
agents.

25. The product of claam 20, wherein said colloids are
stable for at least about 2 months.

26. The product of claim 20, wherein said colloids consist
essentially of gold-water colloids containing water and gold
nanoparticles.

277. The product of claim 20, wherein said chemically pure
colloids do not coagulate for a period of at least about 2
months.

28. A product comprising: metal or metal alloy nanopar-
ticles collected from stable and chemically pure colloids.
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