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Abstract

KeYWOI‘dS: Nanocomposite; Laser Nanosoldering

We have synthesized Au/CuO and Au/ZnO nanocomposites using the laser soldering technique. The process was
carried out by irradiating a solution containing Au-CuO and Au-ZnO nanoparticles using 532 nm laser pulses of 0.1
J/cm? continuously for 20 minutes. The beam was focused using a 75 mm focal lens and the laser power near the focal
region was estimated to be about 2.4 x 10"> W/m?. Their UV-VIS absorption and transmission were observed and the
results indicated that the bandgap energies of the Au/CuO and Au/ZnO are significantly lower than those of pure CuO
and ZnO. A theoretical model was developed and the calculation showed that the soldering process was due to the laser
melting of the gold nanoparticles and the molten gold got soldered to the ZnO as well as CuO nanoparticles nearby.

Introduction

It is known that physical, chemical, and optical properties
of semiconductors and metal nanoparticles (NPs) can be
greatly enhanced if they are made in the form of alloy or core-
shell nanocomposites [1-3]. Because of their composition-
dependent properties, these materials can be designed to offer
many advantages in environment sensing and many other
industrial applications. Commonly, metal nanocomposites can
be prepared using simultaneous chemical reduction of diluted
metal salts in an aqueous solution composed of reducing
reagents and stabilizing surfactants [4,5] or laser vaporization
of metal alloys [6]. The chemical reduction method needs
harmful chemicals and the produced materials are not free
from being contaminated with undesired components.
The laser vaporization can be used to synthesize clean
nanoparticles and nanoalloys but the technique suffers from
large size distributions and low yields. For these reasons, these
techniques are not desirable.

In this study we report the use of the laser ablation in liquid
technique to prepare Au/CuO and Au/ZnO nanocomposites.
The technique is based on laser irradiation of a solution
containing previously prepared nanoparticles of two types: one
type of particles do not absorb the laser energy, and the other
has a strong absorption band whose energy coincides with the
photon energy of the laser. The particles of the former type
will be unheated and remain in their solid phase. The particles
of the latter type can be heated above their melting point and
melted to form nanocomposites with the remaining solid
particles nearby. With this approach, nanocomposites of Au/

Fe,O, (7], Au/Pt [8], Au/TiO,[9], Au/Ag [10], Au/SnO, [11],
and Au/Ag, Co/Mo [12] have been successfully synthesized.
In terms of the final product purity, this technique is more
advantageous than the chemical one because it can generate
stable nanoparticles and nanocomposites without the need
of using chemical reduction reactions or ion exchange, thus,
nanoparticles obtained are free of extraneous ions or other
chemicals. Additional benefits can be deduced from the
influence of the liquid environment which can provide further
chemical effects such as oxidation, surface functionalization,
etc. and physical effects such as cooling and confinement for
size and size distribution control.

In the next sections, our preliminary results will be discussed.
A simple theoretical model for particle temperature
calculation will be also presented.

Experiment

We first prepared, in separate vessels, Au, CuO, and ZnO
nanoparticles by laser ablating gold, copper, and zinc targets,
respectively, submerged in water containing 0.1 % by weight
chitosan . A picture of the present experiment is shown in
Figure 1. The laser beam, (0.177 J/cm? at 1064 nm, 10 Hz rep
rate and 5 ns pulse duration) from a single-mode, Q-switched
Nd-Yag laser was horizontally aligned 10 mm below the
liquid surface and focused onto the metal target using a 50
mm focal lens.

Two mixed solutions were prepared: One contains
Au-CuO and the other contains Au-ZnO by simply mixing
the previously prepared suspensions together. The mixed
solutions were then irradiated by 532 nm laser pulses of 0.1
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J/cm? continuously for 20 minutes. The beam was focused
using a 75 mm focal lens and the laser power near the focal
region was estimated to be about 2.4x10"2 W/m?. Since the
gold particles had a strong Plasmon absorption band near 520
nm, they were heated, melted to form alloys with CuO, and
ZnO nearby. The synthesized nanocomposites were carefully
sampled for UV-VIS spectroscopy characterization using an
OceanOptics CHEMUSB4000 UV/VIS/NIR spectrometer

Figure 1: A picture of the laser ablation apparatus

For the alloying process mentioned above to be effective, Au
nanoparticles must be in contact or in a very close proximity
with CuO, and ZnO nanoparticles. The latter requires high
particle density. The problem with using high particle density
is that, the penetration length of the laser beam is short and
many Au particles might remain unheated. To avoid such
the problem, we used suspensions with low particle density
and the mixed solutions were stirred at 65 RPM for 2 hours
to bring the Au particles into contact with CuO and ZnO
particles before being irradiated.

Results and Discussions

Typical Au, CuO, and ZnO nanoparticles suspensions and their
corresponding UV-VIS absorption spectra are shown in Figure
2. The gold nanoparticles ablated in water turned dark red
while for copper and zinc, the suspensions remained colorless
but they turned light-green and light-yellow, respectively after
about five minutes of ablation.

The absorption spectrum of ZnO nanoparticles was significant
in the wavelength region that is shorter than 450 nm and it
decays quickly toward the longer range. The absorption here
can be attributed to the direct/indirect transition of the ZnO
electrons from the interbands residing in the deep level of
the valence band. For Au and CuO suspensions, such similar
transitions were observed. In addition, we also observed two
intense absorption peaks: one occurred at about 520 nm
for Au nanoparticles and the other around 750 nm for CuO
nanoparticles. These absorption peaks can be attributed to
the transition of the electrons of these materials from the
upper levels of the valence band. This is also known as surface
plasmon resonance peak which arises from the coherent
oscillation of the Au electrons and CuO electrons by the
interacting electromagnetic field.
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Figure 2: UV-VIS absorption Spectra of Au, CuO, and ZnO nanoparticles
suspensions

The UV-VIS spectra of the mixed Au- ZnO nanoparticles
suspensions and Au-CuO nanoparticles suspensions before
and after being irradiated by 532 nm laser pulses are shown
in Figure 3. The results shown here indicated that, before
irradiation the absorption spectra of the mixed suspensions
exhibited a similar behavior to that of the absorption spectra
that would be obtained by summing the individual absorption
spectrum shown in Figure 2. The two plasmon peaks were
seen to be slightly broadened but they still located at the
same locations as those shown in Figure 2. After irradiation,
however, the plasmon peak due to Au nanoparticles almost
disappeared indicating a significant spectral change of the
suspensions after it was irradiated. Similar spectral changes
were also reported by Kawaguchi et al. [7] on gold/iron oxide
nanocomposites, Mafune et al. [8] on the laser nanosoldering
of Au-Pt nanoparticles, and Fazio et al. [9] on the the
formation of Au/TiO, nanostructures. In our case, such the
spectral change must be due to the fact that, during irradiation,
the gold nanoparticles were heated, melted, and different-
structured nanocomposites are formed when the molten gold
got soldered to the ZnO as well as CuO nanoparticles. On the
other hand, if the gold nanoparticles were just simply fractured
into smaller-size particles due to 532 nm irradiation, a sharper
and blue-shifted plasmon peak would have been seen in the
absorption spectrum.
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Figure 3: UV-VIS absorption spectra of Au-CuO, Au-ZnO nanoparticles sus-
pensions before and after irradiation by 532 nm laser pulses
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An another evidence of the soldering is the decrease of
the bandgap energies of ZnO, CuO when they were made
in the form of Au/ZnO, and Au/CuO nanocomposites. To
calculate the bandgap energy, we used the Tauc equation as
(ahv)” =hv—Eg .Where ais the absorption coeflicient, h is
the Planck constant, vis theincident photon frequency, Egis the
bandgap energy, and n is the exponent that determines the type
of the electronic transition and its values of ¥ representing the
indirect transition and 2 for direct transition. The absorption
coeflicient a is determined using the Lambert-Beer-Bouguer
law and it is expressed as a=In(T/T,)/(L,-L,), where T, and T,
are the transmittances of a beam of light through a medium of
length L, and L,, respectively. We measured the transmission
spectra of ZnO, CuO, Au/ZnO, and Au/CuO composites
through L =10 mm and L, = 2 mm and their corresponding
absorption coefficients o were determined. The results
together with (ahv)* versus hv are shown in Figure 4 showing
a perfect linear relationship between (ahv)? and the incident
photon energy hv. This indicates that the optical bandgaps of
these nanoparticles are due to a direct-allowed transition. The
optical bandgap energies are determined from the intercept
of the straight line with the hv-coordinate. The result shown
here indicates that the bandgap energies for ZnO and CuO
could be reduced significantly if they are made in the form of
nanocomposites.

To see if the laser soldering process discussed above really
happens, we developed a simple model to calculate the particle
temperature when it is irradiated by a laser beam. To do so, we
consider a system consisting of an isolated nanoparticle which
is surrounded by water. When it interacts with a laser beam, it
is heated and, as its temperature increases, thermal transport
at the particle-water interface ensues. Since the pulse duration
used in our experiment is 5 nanosecond which is much longer
than the characteristic time of the electron-phonon scattering
(about 1.7 ps [13]), the electron and phonon temperatures
are uniform. In addition, since the thermal conductivity of
gold and other metals is significantly high compared to that
of water, temperature distribution throughout the particle
volume is neglected. Thus, the laser heating of the isolated
particles is described as

T,
dt _ﬂ-R Qabs ) QI,R (1)
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Figure 4: Bandgap energies of CuO and ZnO nanoparticles and Au/CuO and
Au/ZnO nanocomposites

Where Q,, is the absorption efficiency of the particle and
Q. is the heat loss from the particle surface, p_1is the particle
den51ty, ,p is the particle specific heat, V is the particle
volume, T is the particle temperature, Io is ‘the laser power,
and t is time. Due to the acoustic and diffusion mismatch, the
particle-water interface has a thermal resistance. As a result,
the thermal transport is reduced and a temperature “jump”
exists across the interface. Thus, the water temperature at
the particle surface, T, , must be different and less than the
particle temperature T The heat transport at the interface is
calculated as

0, =4RG(T, -T,,) @

Where G is the thermal conductance across the interface. For
gold nanoparticles from 5 to 50 nm in water, G is the range
from 60 to 600 MW/ MW/(m?K) were reported by Siems et
al. [14]. Plech et al. [15] also reported a value of about 120
MW/(m? K) and 130 MW/(m? K) for gold and platinum
nanoparticles in water, respectively.

Fornanoparticlessignificantlyless than the incident wavelength
A(2R << A, or roughly 2r < A max/10) The absorption efficiency
predicted by the Mie theory reduces to [16]

247R gey.

A (g +2e,, )2 +(s)

Where R is the particle radius, X is the wavelength, er and i
are the real and imaginary parts of the dielectric function of
the particle and ¢__ is the real part of the dielectric constant
of water. Use of equatlons (2) and (3), equation (1) becomes

- Tw,R ) (4)

Qabs = (3 )

P

dT, 187 ge)? 3G (
dt  Ap,c,, (8r+28w,r)2 !

2 1,
+ (5}) Rppcp,p

Since the heating of the nanoparticle is fast compared to the
heating of the water, a quasi-steady state can be assumed for
the temperature distribution in the water and it is given as

i(r de 0
dr dr ®)

These equations have the following initial and boundary
conditions:

t=0: T,=T,=T, (6a)
dTW _ _G(Tp _Tw,R)
tf0:\ar ), &k, (6b)
Tw,r%oo :]:)

Where kw is the thermal conductivity of water. From these
equations and using o constant throughout the heating pulse
we obtained the water temperature at the interface and the
time-dependent particle temperature as

GRT, +k,T,
"tk +GR
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Using equation (8), the gold and copper particle temperatures
at the end of the laser pulse were calculated and the results are
tabulated in Table 1 for the laser power level used in this present
experiment. Since we need to see how high the temperature
could reach for a given laser power, we ignored the particle
melting and let its temperature continue to rise throughout
the heating pulse. The calculations were carried out for two
particle sizes (R = 2.5 and 5 nm) representing the typical
particle size range observed for our ablated nanoparticles and
two levels of the thermal conductance at the interface, (60
and 120 MW/m?K) covering the thermal conductance range
reported by Siems et al. [14] and Plech et al. [15].

G(MW/ Tp,Au(K) Tp,Cu(K)
m2. K)

2.5nm 5.0nm 2.5nm 5.0nm
60 1388 2300 364 447
120 977 1867 338 402

Table 1: Calculated Au and Cu particle temperatures for different particle
radius and interface heat transport, (Optical properties for gold and copper
from Johnson and Christy [17], g =2.63,1=2.4x1012, pulse duration t=5ns)
kw=0.6 W/m-K, C_, =4689.77 J/kg-K, p, =19300 kg/m’, C__ =3850 J/kg-K,
kw=0.6 W/m-K, p_ =8920 kg/m’
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Figure 5: Melting temperature of goal nanoparticles [18]

Since, as shown in Figure 2, the absorption band of copper
is in the region of about 750 nm which is very much longer
than that of the laser heating beam, the laser beam had a little
effect on the copper particle whose temperatures were seen to
increase slightly higher than its initial value of 300 K for all
conditions used here. Therefore, the copper particle remained
in the solid phase throughout the heating pulse. However, for
the gold nanaoparticle, due to its strong absorption behavior
near 520 nm, it was heated and its temperature increased
significantly. For G =60 MW/m?K, the temperatures of particle
with R =2.5 and R = 5 nm all reached higher than the melting
temperature (1337 K) of the bulk gold. For G = 120 MW/m?K,
the temperature was 1867 K for R = 5 nm and it was 977 K for
R =2.5 nm which is lower than the melting temperature of the
bulk gold. However, it is known that melting temperature of
nanoparticles decreases significantly as the size decreases. For
gold, as shown in Figure 5, the melting temperature of particle

of R = 2.5 nm is about 700C (973 K) which is lower than the
calculated temperature of 977 K as reported in Table 1. Thus,
our simple calculation has shown that the present experiment
conditions of laser power and wavelength are sufficient to heat
and melt the gold nanoparticles while others are not affected
and remain in their solid forms. Melting of one type of particles
and keeping the others in their solid phase are required for
particle soldering or alloying to ensue.

Conclusion

We have conducted a study on the synthesis of metal nano-
composites by using the laser soldering in liquid technique.
Our results on Au/CuO and Au/ZnO showed that the band-
gap energies of CuO and ZnO can be tuned and significantly
reduced if these metal oxides are fused with gold in the form
of nanocomposites. The soldering was demonstrated using the
spectral change of the synthesized nanocomposites and by a
simple mathematical calculation. The process requires the
melting of one particle type and keeping the other particle type
in its solid form.

Our calculations indicated that larger particles are heated to
higher temperature than smaller particles, therefore, it can
be said that laser soldering process might be more effective
if large particles are used. In addition, since the melting
particle must fuse onto the solid one in order to form a
nanocomposite, they have to be in contact or in a very close
proximity with each other. The latter requires high particle
density which, in turns, affects the laser heating process. Thus,
determining the particle density for effectively soldering is
necessary. Although the presence of the liquid environment
could cause some additional chemical and physical effects on
the synthesized nanocomposites, it is not clear at present that
the laser soldering in liquid can produce nanocomposites with
better physical properties than other conventional techniques.
These issues are being studied and the results will be reported
in our future work.

C, particle specific heat, (J/kg-K)
G particle-water interface thermal conductance, (W/m? -K)
I laser power, (W/m?)
K, thermal conductivity of water, (W/m-K)
Q.. absorption efficiency
Q, heat loss from the particle surface, (W)
R particle radius, (m)
T particle temperature, (K)
T, initial temperature, (K)
T, water temperature, (K)
T, water temperature at the particle surface, (K)
t time, (s)
VP particle volume, (m?)
€ real part of the dielectric function of the particle
g imaginary part of the dielectric function of the particle
€. real part of the dielectric constant of water
laser wavelength, (m)
laser wavelength, (m)
P, particle density, (kg/m?)
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Disclaimer

"This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not neces-
sarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof".
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