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Nanoparticle mediated laser induced breakdown can be used for Nanoparticle
synthesis, cell nanosurgery and laser induced breakdown spectroscopy. To investi-
gate the photo-thermal conversion of gold nanoparticles during pulsed laser irra-
diation, the electron-phonon two temperature model was established in this study.
The impact of laser energy density and pulse width on the thermal conversion and
morphology change of gold nanorods were investigated and compared with exper-
imental observations. The results show that the melting threshold of gold nanorods
under nanosecond laser irradiation is about twenty times that of femtosecond laser
irradiation. The mechanisms of nanorod fragmentation are different between femto
and nanosecond laser irradiation: particle melting is more likely to occur in nano-
second laser irradiation, while the Coulomb explosion is highly likely to occur in
femtosecond laser irradiation.

Key words: laser induced optical breakdown, photo-thermal effect,
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Introduction

The strong interaction between ultrashort pulsed lasers and gold nanoparticles (NP)
has vast applications in many fields, such as photonics, electronics, chemistry, medicine and
biology. Gold NP, gold nanospheres [1], gold nanorods [2], gold nanocages [3], gold nanoshells
[4], etc. with a diameter between 1-100 nm, have unique localized surface plasmons resonance
characteristics [5]. They can selectively absorb the laser energy at a specific wavelength and
result in microscale secondary phenomena depending on the pulse duration used, such as pho-
to-thermal conversion, optical breakdown and material fragmentation. The unique photo-ther-
mal properties of gold NP opens the new pathway for nanoscale-mediated temperature and
pressure variations, cell apoptosis, drug release, nanosurgery, NP shape modification.

Nanoparticle-mediated laser-induced breakdown (LIB) can be used for NP synthe-
sis [6, 7], cell nanosurgery [8] and laser-induced breakdown spectroscopy (LIBS) [9-11]. Jian
et al. [12] fabricate ligand free La:BaSnO; nanocrystal by a 10 ns Nd:YAG laser. They found
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that embedding those nanocrystals in BiVO, photoanode matrix could significantly increase
the photocurrent density and thus effectively enhance the pulsed electrochemical properties of
bismuth tetroxide. Yoshihiko et al. [13] showed that gold nanoparticles generated by 1 ns laser
irradiation can achieve cells photoperforation, allowing therapeutic exogenous molecules to
enter cells. Assion et al. [14] measured the distribution of calcium ions (Ca®") by Fs-LIBS in
the inner wall of the cell wall around the stem of sunflower seedlings, and found that Fs-LIBS
could analyze and measure biological samples with high spatial resolution.

The NP-mediated LIB mostly use ultrashort intense laser pulses, e.g., nanoor femto-
second. Under such ultrashort pulse duration, NP can be fragmented either due to photo-thermal
effects or electron emission followed by Coulomb explosion. The fragmentation of gold NP, leads
to significant changes in their photo-thermal conversion capabilities [13]. The prevailing effect of
fragmentation depends highly on laser parameters. The role of laser parameters, such as the role
of pulse duration, is still under discussion. Existing researches are mostly focused on single pulse
width nanosecond or femto-second alone. The direct comparisons between the photo-thermal
effects and morphological changes induced by two kinds of lasers are rarely deeply investigated.

From the microscopic point of view, it is of great guiding significance to reveal the
photo-thermal conversion rules inside gold nanoparticles during nanosecond and femtosecond
laser irradiation. At the same time, it is crucial to explore the mechanism of the morphology
change of gold nanoparticles under two kinds of laser. To this end, we will present a theoretical
model to investigate photo-thermal conversion of gold nanorods in a water medium irradiated
by femtosecond and nanosecond lasers with distinct radiant exposure. In addition, combined
with the experimental observation, the difference in microscopic NP fragmentation character-
istics under two laser pulses will be discussed. Our study provides theoretical guidance for the
application of LIB mediated by gold NP, which will be useful to predict the mechanism not only
in the laser fragmentation studies but also in laser ablation-based NP production.

Physical model and mathematical description

We use the electron-phonon-two-temperature model to simulate the transient heating
process of gold nanorods by ultrafast-pulsed laser [15]. The governing eqs. (1) and (2) describe
the transient heating process of free electrons and lattice in gold nanorod under laser radiation,
respectively:
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where 7, and 7, are the electron and lattice temperatures of the gold nanorods, C. and C,— the
heat capacities for electrons and the lattice of gold nanorods, d, — the stands for time interval,
V' — the volume of the gold nanorods, and 7, — the laser pulse width. The first terms on the right
hand of egs. (1) and (2) represent the energy coupling between electrons and the lattice. The sec-
ond terms on the right hand of egs. (1) and (2) are the laser-heating source and the heat dispersion
the surrounding environment, respectively. Among them, g is the coupling factor for calculating
heat transfer, E,,s — the laser puls energy absorbed by the gold nanorod, which depends on the laser
intensity £, and A,,— the absorption cross-sectional area of the gold nanorod:

E, =A4,F (3)
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when gold nanoparticles exposed to laser light at their plasmonic frequency, the effective ab-
sorption cross-section, 4., 1S much larger than the geometrical cross-section. The 4., can be
calculated by the discrete dipole approximation theory as we illustrated in our previous publi-
cation [16], and 0, is the heat dispersion rate from the gold nanorod to its surrounding environ-
ment, which can be calculated:

0,=4G([-T,) “4)

where T, is the water temperature at the gold nanorod surface, G — the thermal conductance
at the gold nanorod/fluid interface, and A4, — the surface area of the gold nanorod. The thermal
conductance, G, relates the temperature difference at the interface to the heat flux through the
interface, G = 1.05 - 103 W/m?K [17].

The water temperature, 7., is can be by calculated by the Fourier heat conduction

equation:
oT, 0 oT, 1 0 oT,
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where p, is the density of water, ¢, — the spe- F
cific heat capacity of water, 7., — the tempera- m
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ture of water, and & — the thermal conductivity

of water. The energy equations of water and
gold nanoparticles are coupled through the 125 ~
| . nm

thermal conductance, G.

The simulation is conducted based on
the software COMSOL. Considering the wave-
length of 1064 nm we used in this study, the |
gold nanorod with an aspect ratio of 6.3 and ; U
an effective radius of 12.7 nm has the optimal =~ @*------— (b) Rinm]  (OF
photo-thermal conversion ability based on our ~ Figure 1. Complete shape of gold nanorods (a),
previous finding [16]. Therefore, the size of the ~ quarter shape (b), and grid distribution (c)
gold nanorod used in this study is 77.25 nm x 12.25nm, fig. 1. Considering symmetry, the cal-
culation region is simplified into a 2-D axisymmetric structure with 38.125 nm x 6.125 nm. The
meshing of the computational domain is shown in fig. 1(c). The initial temperature of the envi-

~ 77.25nm

Table 1. Thermophysical parameters of water and gold

Parameter Value
Gold properties
The electron heat capacity, C, [Jm K] 67.96T,
Specific heat of lattice, C; [Jm K] Peotd [119+(3.061 - 10)T7]
Electron-lattice coupling factor, g [WIm>K'] 2.0-10'
Density, pgoa [kgm ] 19300
Enthalpy of fusion, AHj, [kJkg '] 64.0
Thermal conductivity, kyoq [Wm'K™] 320
Melting temperature, 7, [K] 1337
Water properties at stand conditions
Density, p,, [kgm™] 1000
Specific heat, c,,,, [kJkg 'K '] 4.184
Thermal conductivity, £ [Wm™K™] 0.61
Critical temperature, 7., [K] 647
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ronment and gold nanorod is 293 K. Neumann boundary condition is used for the surrounding
water. A 1064 nm Nd:YAG laser was used in the simulation and two typical laser pulse widths
of 100 fs and 7 ns were selected. The thermophysical properties, tab. 1, used in our simulations

are from reference [18].
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Figure 2. Model validation by comparison
between the simulated results with [18];
a 48 nm x 14 nm gold nanorod irradiated by
a 760 nm femtosecond laser in water; the pulse
width of 250 fs and the pulse energy of
4.7 J/m? are used in our simulation

Simulation results and discussion

Nanorod photo-thermal conversion
by ns and fs laser

We first validate our numerical model by
comparing simulation results with [18]. Ekici et
al. [18] simulated the electron and lattice tempera-
tures of a single gold nanorod (48 nm X 14 nm),
as well as the surrounding water temperature,
irradiated by a 760 nm femtosecond laser. The
comparison results are presented in fig. 2. The
pulse width of 250 fs and the pulse energy of 4.7
J/m? are used in our simulation, which are con-
sistent with [18]. It can be seen from the fig. 2
that the simulated temperatures of electron, lat-
tice and the surrounding water by this paper are

consistent with the results in [18].

The thermal characteristics of gold nanorod irradiated by ultrafast Nd:YAG laser are
illustrated in this section. The dynamic temperatures variation of the electron, lattice within
gold nanorod and the surrounding water along R (Z = 0) and Z (R = 0) direction are present-
ed in figs. 3(a) and 3(b), respectively. As one can see from the picture, the temperature of
electrons and lattice inside the nanogold rod remains uniform. There is a temperature jump
at the nanorod/water interface. The water temperature decreased gradually from the nanorod/
water interface toward the outer boundary. As we can see from the figure, the temperature of
the electron decreases dramatically from 1789 K immediately after laser irradiation 1459 K
30 ps after laser irradiation. On the other hand, the lattice temperature decreased slowly from
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Figure 3. A comparison of the temperature profiles of the electron, lattice within gold
nanorod and the surrounding water along R-axis (Z = 0) (a) and Z-axis (R = 0) (b)
direction in nanorod centerline immediately after, 0.01 ns after, 0.03 ns after, and 0.85 ns
after laser irradiation; the laser radiant exposure: 10 J/m?; the laser pulse duration: 7 ns
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1494-1459 K at the same time interval. The thermal equilibrium between the electron and
lattice achieves 30 ps after laser irradiation. The water, due to a low thermal diffusivity, keeps
its temperature almost unchanged 30 ps after laser irradiation. A substantial water temperature
jump was observed 850 ps after laser irradiation. The thermal equilibrium between the nanorod
and water achieves 20 ns after laser irradiation.

Using eqs. (1)-(5), the photo-thermal conversion characteristics of gold NP between
lasers with different pulse width can be calculated and compared. In this section, two typical
laser pulse widths were selected, namely 100 fs and 7 ns.

In this section, we first evaluated the effect of laser radiant exposure on the photo-ther-
mal conversion within nanorod by ns and fs laser. The comparison of temperature profiles of the
electron, lattice within gold nanorod and the surrounding water along R-axis (a) and Z-axis (b)
direction in nanorod centerline immediately after 7 ns laser irradiation is illustrated in fig. 4. The
laser radiant exposures used in the simulation are 5 J/m?, 10 J/m?, and 20 J/m?, respectively. As
we can see from the figure, the temperature of the electron, lattice within gold nanorod and the
surrounding water all increased as the radiant exposures increased. After the nanosecond laser
irradiation, the water temperature around the gold nanorod increases significantly due to the heat
conduction from the nanorod lattice. It can be seen from fig. 4 that the energy threshold of the
gold nanorod melting (lattice temperature is higher than the melting point 7,,,,) is about 10 J/m?.
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Figure 4. A comparison of temperature profiles of the electron, lattice within gold nanorod

and the surrounding water along R-axis (Z = 0) (a) and Z-axis (R = 0) (b) direction in nanorod
centerline immediately after laser irradiation; horizontal line in the figure represent melting point
of bulk gold 7, p; the laser radiant exposure: 5, 10, and 20 J/m?; the laser pulse duration: 7 ns

We also investigated the nanorod photo-thermal conversion by fs laser irradiation.
The temperature profiles of the electron, lattice within gold nanorod and the surrounding water
along R-axis (a) and Z-axis (b) direction in nanorod centerline immediately after 100 fs laser
irradiation is illustrated in fig. 5. The laser radiant exposures used in the simulation are 0.2 J/m?,
0.5 J/m?, and 1 J/m?. As the incident radiant exposure increases, the temperature of the electron,
lattice within gold nanorod and the surrounding water all increase. As can be seen from the fig.
5, the photo-thermal conversion characteristic of nanorod irradiated by fs is obviously different
from that of ns laser irradiation. During the fs laser irradiation, a strong thermal non-equilibri-
um is observed. The temperature of electron is much higher than that of lattice and surrounding
water. The electron temperature exceeds the Coulomb explosion threshold 7. at the radiant
exposure of 0.5 J/m?. It can also be found from the simulation that the melting threshold of the
gold nanorod under femtosecond laser irradiation (approximately 0.5 J/m?) is greatly lower than
that under nanosecond laser irradiation (approximately 10 J/m?).
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Figure 5. A comparison of temperature profiles of the electron, lattice within gold nanorod
and the surrounding water along R-axis (Z = 0) (a) and Z-axis (R = 0) (b) direction in nanorod
centerline immediately after laser irradiation; horizontal lines in the figure represent melting
point of bulk gold T,,, and threshold for the Coulomb explosion T, respectively;

the laser radiant exposure: 0.2 J/m?, 0.5 J/m?, and 1 J/m?; the laser pulse duration: 100 fs

Compared to fig. 4, the temperature differences between the lattice and free electrons
and between lattice and surrounding water by fs laser irradiation is significantly larger than the
case in ns laser irradiation. Furthermore, due to less heat conduction in fs pulse duration, the
water temperature is almost unaffected by laser irradiation. This trend can be further illustrated
in fig. 6, which presents a comparison of normalized temperature profiles of the electron, lattice
within gold nanorod and the surrounding water immediately after 7 ns and 100 fs laser irradia-
tion. The laser radiant exposure of 10 J/m? for 7 ns and 0.5 J/m? for 100 fs laser, which are the
thresholds for nanorod melting for two laser pulse durations, respectively. It can be seen clearly
from fig. 6 that the relative lattice and water temperature to the electron by the ns laser irradia-
tion is much higher than that of fs laser irradiation due to higher heat dispersion from electron
lattice and to the surrounding water in a relative longer pulse duration.
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Figure 6. A comparison of normalized temperature profiles of the electron, lattice within gold
nanorod and the surrounding water along R-axis (Z = 0) (a) and Z-axis (R = 0) (b) direction in
nanorod centerline immediately after 7 ns and 100 fs laser irradiation; theT,,,, represents the

maximum temperature of electron by ns or fs laser irradiation; the laser radiant exposure:

10 J/m? for ns laser and 1 J/m? for fs laser
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Nanorod fragmentation by ns and fs laser

Figure 7 shows dynamic temperature variation of electron, lattice within gold nanorod
and the surrounding water irradiated by ns 7(a) and fs 7(b) laser. The laser radiant exposure of
10 J/m? and 1 J/m? is used for 7 ns and 100 fs laser, respectively. Here, we see the remarkable
effect of pulse duration the temperature dynamics. Electron, lattice and water (at nanorod/water
interface) temperature increase almost synchronously during the ns laser irradiation, fig. 7(a).
The water temperature reaches boiling point at the time instant of #,, = 1.2 ns. The lattice tem-
perature reaches the melting point at the time instant of #,,, = 5.3 ns. Most significantly, electron
temperatures of about 7300-8200 K to exceed the Coulomb explosion threshold can never be
reached before #,, and 4., by ns laser irradiation. Consequently, the fragmentation of the na-
norod is more likely due to particle melting, while the Coulomb explosion is unlikely occur in
the nanosecond laser irradiation.
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Figure 7. Dynamic temperature variation of electron, lattice within gold nanorod and the
surrounding water irradiated by; (a) nanosecond laser irradiation (nanorod fragmentation by
melting) and (b) femtosecond laser irradiation (nanorod fragmentation by Coulomb
explosion) laser; horizontal lines in the figure represent boiling poring of water 7, ,, melting
point of bulk gold 7,,, and threshold for the Coulomb explosion 7., respectively;

the laser radiant exposure: 10 J/m? for 7 ns laser, 1 J/m? for 100 fs laser)

In contrast to the fs laser irradiation, electron temperature rises instantaneously reach-
ing a maximum value of at the end of fs laser irradiation and then decreases, fig. 7(b). Subse-
quently, the energy deposited into the electronic system transferred via electron-phonon-cou-
pling to the lattice system, leading to a rise of lattice temperature up to its maximum of 1527 K
within 40 ps. Then, at approximately 70 ps, electron and lattice reach their thermal equilibrium
and the nanorod starts to cool down in the following several hundreds of picoseconds through
heat dissipation the surrounding water. The electron temperature reaches the Coulomb explo-
sion threshold about 7300-8200 K at the time instant of .. = 40 fs, while the lattice temperature
reaches the melting point at the time instant of #,, = 20 ps. Therefore, the Coulomb explosion
mechanism is highly likely to occur because ¢, is earlier than #,,,.

We also conducted nanorod laser irradiation experiment to further prove our numer-
ical simulation. In order to illustration the melting and Coulomb explosion process of gold
nanorods by ns and fs laser irradiation, we firstly carried out an experimental observation on
the photo-thermal effect induced by ns laser on nanorod. In our experiment, 1064 nm Nd: YAG
laser with a pulse width of 7 ns is used, which is consistent with the calculation. The laser
spot diameter is 2 mm and the incident laser radiant exposure is 0.6 J/cm?, 3 J/cm?, 6 J/cm?,
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14 J/em?, and 20 J/cm?, respectively. The gold nanorods were prepared by the seed growth
method containing AgNO; as we illustrated in our previously publication [16]. The nanorod
morphology before and after irradiation were examined by transmission electron microscopy
(TEM, JEOL2100, Japan).

Figure 8 shows the TEM images of gold nanorods before and after ns laser irradiation
with different radiant exposure. It can be seen from fig. 8(a), the prepared nanarod with the
average size of 77.25 nm x 12.25 nm which is consistent with our simulation. We can also see
from figs. 8(b)-8(f) that as the laser incident radiant exposure increases, the ns laser irradiation
causes the melting of the surface of the gold nanorods into gold nanospheres with equal vol-
ume, fig. 8(e). When the laser energy density continues to increase, the gold nanospheres will
melt into smaller spherical particles, fig. 8(f).

(d (e : (f)
Figure 8. The TEM images of gold nanorods before and after ns Nd:YAG laser
irradiation with different radiant exposure; (a) before, (b) 0.6 J/cm?, (c) 3 J/cm?,

(d) 6 J/ecm?, (e) 14 J/cm?, and (f) 20 J/cm?

We compare our ns laser irradiation experiment results to the published fs laser irradi-
ation by Link ef al. [15]. In their experiment, a laser with a wavelength of 800 nm and a pulse
width of 7 ns and 100 fs were used, respectively. The gold nanorods were prepared by electro-
chemical method as shown in [19]. The morphology of the prepared gold nanorods were char-
acterized by TEM before and after irradiation. The laser parameters used in the aforementioned
experiments are the same as those in the simulation in this paper. The experiment results in fig.
9 shows that after the fs laser irradiation the gold nanorods change their morphology under a
lower laser incident radiant exposure of 0.001 J/cm? When the laser radiant exposure increases,
irregular spheres with sharp angles and raised edges were observed, which is mainly caused
by the Coulomb explosion by fs laser irradiation. This phenomenon was significantly different
from that by nanosecond laser irradiation, fig. 8. When the laser radiant exposure continues to
increase, the irregular gold nanoparticles continue to be broken into smaller powder.

In this study, the laser incident radiant exposure used in the experiment is higher than
the simulation results. On the one hand, the energy dissipation caused by the laser passing
through the aqueous solution was not considered in the simulation, on the other hand, the laser
acted on the nanoparticle group in the experiment, and the laser energy density requirement was
obviously higher than that of the single particle. The comparison between figs. 8 and 9 shows
that the mechanism of nanorods forming gold nanospheres under femtosecond and nanosecond
laser irradiation is different. This difference can be preliminarily explained based on the sim-
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ulation results in this article. It can be seen from figs. 5-7 that when the 0.5 J/m? femtosecond
laser irradiates the laser nanogold rods, the nanogold rods will melt when they reach the melt-
ing threshold, but at this time, the water temperature around the nanogold rods is much lower
than the melting temperature of the gold rods. The temperature difference at the interface with
water is as high as 7580 K. Such a large temperature difference causes that the surface and the
inside of the gold nanorods cannot undergo thermal expansion and volume change at the same
time. The difference in the volume changes of each part leads to the formation of huge internal
stress, which causes the gold nanorods to easily produce point defects and line defects from the
inside, and then evolve into planar defects, and then break. When the 10 J/m? nanosecond laser
acts on the gold nanorods and reaches the melting threshold, the water temperature around the
gold nanorods is equivalent to the melting temperature of the gold rods, and the temperature
difference at the interface between the gold nanorods and water is 625 K, which is much lower
than the case of femtosecond laser heating. At this time, the thermal stress on the surface of the
gold nanorods is significantly reduced and it is not easy to break, so the gold nanospheres are
mainly formed by thermal melting.
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Figure 9. The TEM images of gold nanorods irradiated by femtosecond laser
with different laser energy densities [15]; (a) before, (b) 0.0002 J/cm?, (¢) 0.001 J/cm?,
(d) 0.25 J/cm?, (e) 0.56 J/cm?, and (f) 10.2 J/cm?

Conclusion

In this paper, theoretical and experimental studies have been carried out to analyze the
photo-thermal conversion inside and near gold nanoparticles during ultrashort laser irradiation.
The results show that the temperature difference between the lattice and the free electron in the
gold nanorod is significantly reduced by nanosecond laser irradiation compared to femtosecond
laser irradiation. The melting threshold for gold nano rods (about 0.5 J/m?) by the femtosecond
laser irradiation is 20 times lower than that of the nanosecond laser irradiation (about 10 J/m?).
The gold nanorod fragment mechanism caused by nano and femto second laser irradiation is
greatly different: particle melting is more likely to occur in nanosecond laser irradiation, while
the Coulomb explosion is highly likely to occur in femtosecond laser irradiation. This finding
is also supported by our experimental observation: the gold nanorods melted into the smaller
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particles under nanosecond laser irradiation, while gold nanorods broke down into smaller ir-
regular particles with sharp edges. The results presented in this paper have important guiding
significance for high intensity pulsed laser ablation of metal nanoparticles.
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