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Fig. 1 Shape of gold nano-rod and meshing. (a) Shape;

(b) computing region; (c¢) meshing
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Table 1 Thermophysical parameters of water and

gold nano-rod

Parameter Value
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Fig. 2 Comparison between simulated results and

reference results
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Fig. 3 Temperature distributions of gold nano-rod at laser energy density of 0.002 J/em®. (a) Lattice temperature;
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(b) electron temperature
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Fig. 4 Lattice temperature distributions of gold nano-rod under different incident femtosecond laser energies. (a) Along

Z axis; (b) along R axis
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Fig. 5 Temperature distributions of gold nano-rod at laser energy density of 0.8 J/cm”. (a) Lattice temperature;
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Fig. 6 Lattice temperature distributions of gold nano-rod under different incident nanosecond laser energies. (a) Along Z

axis; (b) along R axis

4 BEALEs 5 SOk 52 56 45 R 19 %) e

i

HE A SO 285 5 5 SCHR [ 14 ] i S 30 25 SR b A7
Xy i — 25 18 B AN [R] Jhk 8 306 BSR4 oK 4 Bk
TR ER R, SCEIRL AR R RN
800 nm , ik 5 B 43 3 7 ns A1 100 fs 1346 BB 4t
PR G W, GOK A FE R AL Ak il & I AT S
[ 6 T R 1 R 35 0 1) F 28 46T DL-21 40 S 35 AN
755 L P B OB (TEM) R AE L il 48 19 90 oK 4 8 R

“iShavw = - TP,
-, \am! N
g¥, "
. > .

o> Al

St et 13

44 nmX 11 nm, _BIRSCE ET A RO S B
AR SCRAU S B[], 9K G RS 5 AR SO I

B 7 S SCHRC T4 b AS TR G e o % 3 A0 P00
HRGF IR 9K 4 8 TEM B, &l 8 Sy Scik[14 1A
[F] A B BE B B2 R OL IR B S AR G B 1) TEM
K. AWK 7 rral DU L OB BT R T 900K 4%
IR . B WO AE 1 % 5 1038 . 40 K 4 i
FEAL LK BRI 2 . BEREHY R B — R
Ja K R S8 4 SR A BUR (R A K e Bk,
JERE HE S5 A 2 RN 4 0K 4 BRI AL D kAR B

- \ g A . 5 .
ﬁ ARV, Sl L o Ll

Bl 7 R [IOY E % 0RO B IS 90k & R 9 TEM Y . (@) 0.64 J/em® 5 (b) 0.8 J/em”5(e) 4 J/em®;(d) 16.7 J/em’

Fig. 7 TEM images of gold nano-rod irradiated by nanosecond laser with different laser energy densities

[14]

(a) 0.64 J/cm®; (b) 0.8 J/em®; (¢) 4 J/em®; (d) 16.7 J/em®
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Fig. 8 TEM images of gold nano-rod irradiated by femtosecond laser with different laser energy densities
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(a) 0.0002 J/cm®; (b) 0.001 J/em®; (¢) 0.56 J/cm®; (d) 10.2 J/cm®

ANBYERIR . NI 8 rh AT LA L B B SOL E 1
ERRCA51E 790k eHBIE ML, HH0OLhE
N 2 5 R AN K < MR 0 AN DO BE
I AT IR 29 A W B R i T Bl A AR B A R R A
G AR ERIE X — 2 SRR AE 5 9 B0 O IR T
A O (P 7) 2 38 AN TRl . T 25 fE o B 4k 20 K
P o AN KU A K 4 TR A S0 B O /N B R AR

IR SR 25 2R AT DUAR G AR SO &5 2R BE 1T 4 28
Bk, M 3~6 ATLIA 2 0,001 J/em” KAMH
O IR SOG4 K 4 W IR L 38 B 1k B D IRF 40 K 2 v
W e A Ja A AR AR A K < e ] I A iR O A T e 4
Al B g8 oKk G B S OK R T Ab /Y R 25 e I
1100 K, i K 119 3k 22 5 098 K 4 4 3 11 RN 351
AEAE [F] — Ik 2 S A SR B AR AR AR Ak . 4% 30 20 (A AR AR
e 2 57 T B AR B A )R 8 R P R g 2 T
BUYAK MR Ty DN BT 0 7 A s Gl o R £ B
IR 5 AL R P T R R B 2 R A W R, T
0.1 J/cm® GARMBEOEAE FI T 94 0K 4 B il B2 35 B 4
AT (L IR 299 4 JA R/ 5 < PR A AL TR BE A Y
AR B RS K AN IR 22 0 550 KL g iR TR AR
DTN L o 1 IR 44 oK 4 M R T A AR Ty S
1 5 e A W P b T B e PR A TR R K
Gk,

e 52 B v OB 0 9 K O IR S 9K 6 v
I 2 O RE B BE e v T RLILAE R . — T,
BAULrh I R 25 B O 8 5 K VA MR BT A A B e AR
Bl 75— 07 T, SE6 P OGAE T T 400K BORL B L O
AE T 4 B TR AR R T R

5 4 1w

MBOUL A B 23 BT 1 O B 29 K 4 JBORE i 7 o
TURE DA 8 1) ' A e A5 11Xk B 356 A0 S5 149 52 W B B T
ARBEOCS T 90K S ORI 22 57 . 45

R TGRS OGR4k 4 90 Y H F A
AT T 1 A8 Ak B H 5 A IO BB G TR B 1 T AR
— 3. (H T RD O BT ko B B K
PR AR LT S ARD IO R S 400K & 9 A 5 A
L U 25 0 S RS, T A KR R E . R T
P R VAR TR T2 S A b, RO
RS 0K G B A AL A BRI (29 9 0. 001 J/em®) LL 44
PRV BB (292 0.1 J/em®  BEAR T 99%0 . i@ it
X EETCRD R AN RSO BR G oK S R G S, i — 2P
S3AT T AT K i o BRSS9 0K 4 0RO ARG bR
PERY 225 . S5 RW], Y 9K & W TR B 38 2 A A
TR O MR 4 K 4 e R A A O 20K AR TR IR
A S TN R0 ' BRS04 e )R il o AU R Y
TRk A TS AR AL . B 5% 4% SR X i Jok b 06 e ik 42
JEM R A R E AR T2 L.

2 % X #

[1] Xing L Z, Li D, Chen B, et al. Preparation of nano
gold colloid and its effect on blood light absorptivity
[J]. Chinese Journal of Lasers, 2015, 42 (6):
0604002.

TR, 24, Mk, 5. 99K 4 AR v A B L xt
ME W E i 2w L1 A EEOG, 2015, 42(6):
0604002.

[2] Lv H, Xu D, Henzie J, et al. Mesoporous gold
nanospheres via thiolate-Au (i) intermediates [J].
Chemical Science, 2019, 10(26): 6423-6430.

[3] Yao C P, Zhang Z X. Influence of laser parameters
on permeability of gold nanaoparticles targeting cells
[J]. Acta Optica Sinica, 2009, 29(6): 1609-1615.
BEARE, TREL VT . WOE S BOM 91K 4 50 1) 4A i 15
BYERZ m [J]. 634, 2009, 29(6): 1609-
1615.

[4] Ruff J, Steitz J, Buchkremer A, et al. Multivalency
of PEG-thiol ligands affects the stability of NIR-

absorbing hollow gold nanospheres and gold nanorods

2202014-6



F 48 % 5 22 H1/2021 11 A/HEHN

(5]

(6]

7]

(8]

(9]

[10]

[J]. Journal of Materials Chemistry B, 2016, 4(16):
2828-2841.

Sun H P, Su ] H, Meng Q S, et al. Cancer cell
membrane-coated gold nanocages with hyperthermia-
triggered drug release and homotypic target inhibit
growth and metastasis of breast cancer[J]. Advanced
Functional Materials, 2020, 30(15): 1910230.
Shabaninezhad M, Ramakrishna G. Theoretical
investigation of size, shape, and aspect ratio effect on
the LSPR sensitivity of hollow-gold nanoshells [J].
The Journal of Chemical Physics, 2019, 150 (14):
144116.

Ghosh S K, Pal T. Interparticle coupling effect on
the surface plasmon resonance of gold nanoparticles:
from theory to applications[J]. Chemical Reviews,
2007, 107(11): 4797-4862.

Yang Y, Weng G J, Zhao J, et al. Progresses of
preparation and applications of paper-based surface-
enhanced Raman scattering substrate [J]. Chinese
Journal of Lasers, 2018, 45(3): 0307011.

I, SEZE, i, . 400 R Y R B2 w5
JE AR s K H N R BE R L. b B O, 2018, 45
(3): 0307011.

Arita Y, Ploschner M, Antkowiak M, et al. Laser-
induced breakdown of an optically trapped gold
nanoparticle for single cell transfection [J]. Optics
Letters, 2013, 38(17): 3402-3405.

Nedyalkov N N, Miyanishi T, Obara M. Enhanced
near field mediated nanohole fabrication on silicon

substrate by femtosecond laser pulse [J]. Applied

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Surface Science, 2007, 253(15): 6558-6562.

Boulais E, Lachaine R, Meunier M. Plasma-mediated
nanocavitation and photothermal effects in ultrafast
laser irradiation of gold nanorods in water [J]. The
Journal of Physical Chemistry C, 2013, 117 (18):
9386-9396.

Lachaine R, Boutopoulos C,

Lajoie P Y, et al.

Rational design of plasmonic nanoparticles for
enhanced cavitation and cell perforation [J]. Nano
Letters, 2016, 16(5): 3187-3194.

Ercolessi F, Andreoni W, Tosatti E. Melting of
small gold particles: mechanism and size effects[J].
Physical Review Letters, 1991, 66(7):911-914.

Link S, Burda C, Nikoobakht B, et al. Laser-induced
shape changes of colloidal gold nanorods using
femtosecond and nanosecond laser pulses [J]. The
Journal of Physical Chemistry B, 2000, 104 (26):
6152-6163.

Xing L, Li D, Chen B, et al. Enhancement of light
absorption by blood to Nd: YAG laser using PEG-
modified gold nanorods [J].
Medicine, 2016, 48(8): 790-803.
Plech A, Kotaidis V, Grésillon S,

induced heating and melting of gold nanoparticles

Lasers in Surgeryand

et al. Laser-

studied by scattering [ J].
Physical Review B, 2004, 70(19): 195423.

Ekici O, Harrison R K, Durr N J, et al. Thermal
analysis of gold nanorods heated with femtosecond
laser pulses [J]. Journal of Physics D: Applied
Physics, 2008, 41(18): 185501.

time-resolved X-ray

Theoretical and Experimental Investigations on Photothermal Effect of
Gold Nanorods Irradiated by Femtosecond or Nanosecond Laser

Zhao Penghui', Feng Jing', Xing Linzhuang', Li Dong ', Chen Bin', Liao Dingying *

' State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong University, Xi’an,
Shaanxi 710049, China;

* Department of Ophthalmology, The Second Affiliated Hospital, Xi'an Jiaotong University, Xi'an,
Shaanxi 710004, China

Abstract

Objective

At present, laser-induced optical breakdown has been widely used in biological sample detection,

manipulation, laser-induced breakdown spectra and laser processing of transparent media (glass, etc.). Using the

local plasma resonance effect of gold nanoparticles, the laser-induced optical breakdown effect can be enhanced by

gold nanoparticles. Under the laser irradiation with strong pulse energy, the morphology of gold nanoparticles may

gradually change into irregular spheres with sharp angles and convex edges, leading to significant changes in their

photothermal conversion abilities. From the microscopic point of view, it is of great guiding significance to reveal the

photothermal conversion rule inside gold nanoparticles in the process of nanosecond or femtosecond laser irradiation
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and to explore the mechanism of the morphology change of gold nanoparticles under the action of two kinds of lasers.
In this paper, a theoretical model of high intensity pulsed laser irradiation of gold nanorods is constructed to study the
effects of laser energy density and pulse duration on the photothermal conversion process. Combined with the
experimental study of laser irradiation of gold nanorods, the difference in the microscopic melting characteristics of

gold nanorods under nanosecond or femtosecond laser irradiation is analyzed.

Methods In this paper, the electron-phonon dual temperature model under the action of laser is used to simulate
the heating process of gold nanorods in water by intense laser pulses. Firstly, the basic properties of each domain are
strictly defined, including the initial temperatures of gold nanorods and surrounding environment and the selection of
boundary conditions for the surrounding water. The electron and lattice temperature variations are obtained by
solving the governing equations based on the two-temperature model. According to the solved values of electron and
lattice temperatures, we can use the energy conservation equation of water to obtain the transient changes of water
temperature along the R and Z axes. By changing the pulse duration time and energy density of the laser, we can
calculate the changes in lattice temperature and water temperature of the gold nanorods to compare with the

experimental results.

Results and Discussions After the femtosecond laser irradiation, the free electrons in the gold nano-rods first
absorb the laser energy, leading to the temperature rise of electrons. After electron-lattice relaxation, the electrons
transfer heat to the lattice. Because the laser action time is short, the lattice and electrons do not reach a thermal
balance, so the electron temperature is much higher than the lattice temperature. In addition, the energy has not
been transferred to the surrounding environment, so the surrounding water temperature is significantly lower than
that of the gold nano-rods. The pulse duration is significantly prolonged under the nanosecond laser irradiation, the
temperature difference between the lattices and the free electrons in gold nanorods is significantly reduced compared
with that under femtosecond laser irradiation, and the surrounding water temperature is significantly increased.
Comparing gold nanorods irradiated by nanosecond laser and those irradiated by femtosecond laser, we can find
that when the gold nanorods are irradiated by 0.001 J/cm® femtosecond laser, the gold nanorods will be melt, but at
the moment, the temperature of gold nanorods around the water is far lower than the melt temperature of the gold
nanorods, and the temperature difference between gold nanorods and water is as high as 1100 K. Such a large
temperature difference results in that the surface and interior of the gold nanorods cannot change in thermal
expansion volume at the same time. The huge internal stress is formed due to the different volume change of each
part. As a result, the gold nanorod is prone to produce point defects and line defects from the inside, and these
defects subsequently evolve into plane defects and then nanorods fracture. When the 0.1 J/cm® nanosecond laser is
applied to the gold nanorod and makes it melt above threshold, the gold nanorod melt temperature, the water
temperature around the interface of gold nanorods and the water temperature are 550 K, far below the femtosecond
laser heating threshold. The gold nanorod surface thermal stress is significantly reduced and the gold nanorods are

not easily broken.

Conclusions In this paper, the theoretical and experimental studies are carried out to analyze the photothermal
conversion inside gold nanoparticles and the influence on environmental media during laser irradiation from the
microscopic point of view. The results show that the changes in electron and lattice temperatures under nanosecond
laser irradiation are basically the same as those under femtosecond laser irradiation. However, compared with those
under femtosecond laser irradiation, the temperature difference between the lattices and the free electrons in the
gold nanorods is significantly reduced and the surrounding water temperature is significantly increased due to the
significantly long pulse duration under nanosecond laser irradiation. Since the high peak power is favorable for the
formation of defects on the crystal surface, the melting threshold of gold nanorods under femtosecond laser
irradiation (about 0.001 J/cm®) is 99% lower than that under nanosecond laser irradiation (about 0.1 J/cm®). By
comparing the experimental results under femtosecond and nanosecond laser irradiations on gold nanoparticles, the
difference in the photothermal conversion characteristics of gold nanoparticles under different pulsed laser
irradiations are further analyzed. The results show that when the temperature of the gold nanorods reaches the
threshold, the shape of the gold nanorods changes under femtosecond laser irradiation, while the morphology of the

gold nanorods changes under nanosecond laser irradiation. The results here have important guiding significance for
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the future experiments of high intensity pulsed laser ablation of metal materials.
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