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Gold Nanoparticles Propulsion from Surface Fueled by Absorption of
Femtosecond Laser Pulse at Their Surface Plasmon Resonance
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Many biological functions involve motion on the nanometer
length scale, which are fueled by biochemical enzymatic catalysis,
electrical energy derived from charge gradients, photochemical
energy, such as in photosynthesis, and photomechanical energy, &
such as used in phototaxis. In the field of nanotechnology and in |
the interest of developing nanomotors, clever demonstrations of
motion driven by different mechanisms have recently been dem-
onstrated. Whitesides and co-workeused gases produced in a
catalyzed chemical reaction to fuel the autonomous motion. Paxton Figure 1. The dependence of the extent of the motion of the nanoprisms
et al2 used a gold-platinum rod that moves in 40 solution. The on the laser pulse intensity used: (A) 4.1 m¥#c(®) 5.1 mJ/cm.

platinum-catalyzed production ofBreaks the hydrogen bonding the particle from the substrate. It “stands up” on their bases. Particles

network in HO, creating a gradient in the liquid surface tension 1 and 2 have enough energy to stand up perpendicular to the

which induced the motloq. Zettl gnd °°'W,°rk§@p9”ed a . substrate plane, while particle 3 is tilted. These particles receive
nanorotor based on converting ele(?trlc energy into rotational motl_on enough energy to release them from the substrate (i.e., to overcome
of a metal plate attached to a multi-walled carbon nanotube. Chien o 2dhesion energy) but not to enable them to lift off from the

and co-workers described a high-speed rotation of nanowires substrate.
suspended in water between four microelectrodes with applied ac  \yhen the laser intensity is 5.1 mJ/éat 800 nm, particle 1 in

voltages, each out.of phase by°90 ] Figure 1B lifts away from its original position, flies a certain

In a recent Science paperHabenicht et al. showed that gistance, and lands on top of another nanoparticle (indicated by
photomelting of nanoprisms on a quartz substrate with nanosecond,q green arrow in Figure 1B). The original position of particle 1
laser pulses leads to the lifting of the sphere from the substrateg shown by the dark image decorated by bright small gold clusters.
with a velocity of 20 m/s. The gain from the surface energy and Tnese clusters are formed during the gold deposition step of the
the change in the center of mass during the melting process fueledy g technique by scattered gold atoms. From Figure 1B, it is clear
the nanoparticle’s lift off. that the displaced particles (1, 2, and 3) are smaller in size than

In the present communication, we report on the observation that, the space they occupied before their movement. This could be due
when femtosecond laser pulses in resonance with the strong surfacgg atomic sublimation or partial soft melting of the nanoprfsm.
plasmon oscillations are used for excitation, the rates of absorptionThe former would decrease the thickness of the particle, while the
and heating become faster than the rate of melting of the |atter mechanism would increase the particle thickness and decrease
nanoparticle. The nanoprism is observed to fly away while the pisector.
preserving its shape. SEM shows that it has a reduced bisector, Figure 2A shows that a standing prism has a height which is
and AFM study shows that its thickness is also reduced. Further- yery comparable to the particle bisector. Figure 2B shows that a
more, it is observed that the sizes of the nanoparticles that aredisplaced particle has a smaller thickness than the one that did not
displaced from their original position are smaller than the space |eave its position. The AFM measurement of the nonirradiated
they occupied prior to their exposure to the laser pulses. Of the nanoparticles shows an average thickness of 24111 nm, while
different mechanisms discussed, only the gold atom sublimation the average thickness of the displaced nanoparticles is-30.%
mechanism can account for these observations. The gold rapidnm. These results suggest that displaced particles could involve a
sublimation could result in a rapid build up of an ultrahigh gold mechanism based on rapid atomic sublimation.
atomic pressure underneath the prism, which enables it to fly.  There are a number of nonradiative relaxation processes that take
Making few approximations, we calculate an average velocity of place following the surface plasmon excitation of nanoparticles.
160 m/s for the propelled nanoparticle that is irradiated under laser Following electror-electron relaxation processes, which occur on
intensity of 5.1 mJ/crh the femtosecond time scale, electrgzhonon processes occur on

The nanoparticles are prepared on a quartz substrate usingthe 1 ps range in gold nanoparticl?honor-phonon processes
nanosphere lithography (NSE)® The prepared prismatic nano-  occur on the hundreds of picosecond time séhlés the energy
particles have a bisector of 100 nm, a thickness of 34 nm, and adeposition rate increases above the phefgmonon relaxation rate,
weight of 4 fg each. We placed our sample substrate horizontally melting into spheres could take place. Gold nanorods melt in
with the nanoparticles on the top surface of the substrate. The lasercolloidal solution into spheres at 1) pulse energies in tens of
pulse irradiated the sample from the top. picosecond?

Figure 1A is an SEM image taken in the region irradiated with The most distinct difference between nonresonant nanosecond
a laser pulse energy density of 4.1 mJ#@h800 nm. At this laser and our resonant femtosecond laser irradiation experiments is the
irradiation intensity, the absorbed energy is not sufficient to lift rate of energy deposition to the nanoprisms. With nanosecond laser
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initial flying speed of particle 1 in Figure 1B can bel60 m/s

f!\ (~360 miles/h).
JF' | In summary, the mechanism of the lift of the photoenergized
/ k e gold nanoprisms from a quartz substrate and their final shape depend
! F— = on the rate of energy deposition and the wavelength of incident
Max. Height: 108.64 nm laser. If the rate is relatively slow to allow the nanoprism to melt

into spheres (e.g., in the nanosecond pulsed laser nonresonant

. . excitation), the surface energy associated with the shape change

0.5 “f" 1.5 1.4 and the change in center of gravity lead to the lift off. If the rate
of energy deposition is fast (e.g., in the femtosecond pulsed laser
resonant excitation), energy channels higher than the melting one

A _.1 can be reached by nonlinear absorption processes resulting in
1 {1\ " multiphoton ionization or dissociation (sublimation), or inducing
-\ Y v water desorption. Rapid heating and evaporation of absorbed water
Max. Height: 30.635 nm within the prism or in the attached quartz could take place. Of all
Max. Height: 33.232 nm these mechanisms, only the atomic gold sublimation mechanism

could account for the observed reduction in the nanoprism size.
The rapid build up of the gold pressure underneath the particle could
propel the femtogram nanoprism to fly with a velocig60 miles/
t"—h"gusffaﬁa in(A) thigg'\i/sl if?fﬁﬁt%f ges\t/ae’r]diglgsréatnoofﬁgtigleuggfit*;eti)%lgécf;‘;r h. While the gold sublimation process accounts for the reduction
(B) The AF?\/Ipimage of a displaced nar}:oparticle. Its thickness (indicated' of the nanqprlsm Slze’ itis sl pO_SS'ble that the_flylng mechanism
by the red cursor) is smaller than the undisplaced one (indicated by the @nd the size reduction mechanism involve different processes.
green cursor). The scale bars represent 200 nm. Studies to distinguish between the different mechanisms are now
in progress.
irradiation, the optical excitation rate was such to allow sufficient ~ The observed trajectory of the flying nanoprisms must depend
time for the lattice to melt. With the femtosecond laser excitation, on the anisotropy of the interaction between the nanoprism and
the melting channel is bypassed and higher energy channel takeghe quartz at the interface. This depends on the interfacial structure
over, like multiphoton ionization, evaporation of absorbed water between the gold nanoprism and the substrate. Particle 1 in Figure
in the prism or the quartz, or gold atom sublimation. Detailed work 1B must have undergone a large number of rotations and/or jumped
is now going on to distinguish between these processes asto a high level in its flying trajectory as the apparent displaced
mechanisms for ejecting the nanoprism from the substrate surface distance is only~200 nm, which is too small for an initial velocity
If atomic gold sublimation is indeed the mechaniShthe rapid of 160 m/s. We are currently carrying out a study to understand
build up of the pressure underneath the nanoparticle could give the details of this anisotropy, hoping to be able to control the
the nanoparticle a sudden impulse sufficient for it to break away trajectory of the motion.
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not change the damage pattern of the nanoprisms on the substrate.
This suggests that it is the energy spatial distribution of the first ~ Supporting Information Available: Nanoprism array preparation,
laser pulse that governs the damage pattern on the substrate. Frorfemtosecond laser irradiation setup, jumping speed measurement, and
the absorption Spectrum and the Special energy density distributionsub"maﬁon thickness calculation. This material is available free of
of the laser pulse, we calculate that one flying nanoparticle can charge via the Internet at http://pubs.acs.org.
absorb 7.3% 10712 J of energy from 1 fs laser pulse. This energy
is sufficient to sublime 1.8< 10718 moles of gold atoms, which
correspond to a thickness loss of 2.9 nm for the studied nanoparticle (1) Ismagilov, R. F.; Schwartz, A.; Bowden, N.; Whitesides, G.Angew.
S ting Information). This calculated thickness loss is chem., Int. £d2002 41, 652-654
(S_ee_ uppor 9 : ) > » (2) Paxton, W. F; Kistler, K. C.; Olmeda, C. C.; Sen, A.; St. Angelo, S. K;;
within experimental error, comparable to the thickness difference gao,z\g.oz.;l gllé':llllogurz,‘lT_.lEg.‘;mLfmmert, P. E.; Crespi, V. BL. Am. Chem.
. . 0OcC. .
obsgrved in the AFM r_neasurer_nent between the displaced and the (3) Fennimore, A. M.: Yuzvinsky, T. .. Han, W. Q.; Fuhrer, M. S.: Cumings,
undisplaced nanoparticles. This agreement could be taken as a J.; Zettl, A.Nature (London}2003 424, 408-410.
support of the gold atomic sublimation mechanism for the flying. ) gggé D L Ehd. P Q. Cammarata, R. C.; Chien, CPhys. Re. Lett.
However, it is also possible that water desorption or electrostatic  (5) Habenicht, A.; Olapinski, M.; Burmeister, F.; Leiderer, P.; Boneberg, J.
; i ianizafi i Science2005 309, 2043-2045.

fqrces resgltlng from multiphoton ionization could be the mecha (6) Fuang, W. v.. Qian. W.. E-Sayed, M. Aano Lett.2004 4, 1741
nism of flying. 1747.

Irrespective of the mechanism responsible for flying, it is possible (7 leufl)tgen, J. C.; Van Duyne, R. B.Vac. Sci. Technol. 2995 13, 1553~
to calculate the initial speed of the flying nanoprism that is irradiated  (g) wang, X. D.; Summers, C. J.; Wang, Z.Mano Lett2004 4, 423-426.
under laser intensity of 5.1 mJ/énwith the assumption that the ( {g)) llj}lin% WE_YS; Qlac?'n\zv'ﬂ_sayeg' M'-D/F]‘l- AP(F:JL- Ph%'gggogfggllﬂg&l-

. . ink, S.; Ei-Sayed, M. nnu. Re. Phys. Chem ) — .
d'fferenc? betwee.n Fhe gbsorbed energy .by a”}’ of the standing (11) Link, S.; Hathcock, D. J.; Nikoobakht, B.; El-Sayed, M. &dv. Mater.
nanoparticle (that is irradiated under laser intensity of 4.1 n/cm 2003 15, 393-396.
and does not fly) shown as particle 1 and 2 in Figure 1A and the (2) ié’ékg 3'1?5811‘5‘15‘1'80; Nikoobakht, B.; El-Sayed, M. Shem. Phys. Lett.
one that is able to fly (particle 1 in Figure 1B) is the kinetic energy  (13) Gamaly, E. G.; Rode, A. V.; Luther-Davies, B.; Tikhonchuk, VPhys.
given to the flying nanoparticle. The energy difference is measured Plasmas2002 9, 949-957.

to be 51+ 15 fl/particle (see Supporting Information). Thus, the JA064328P
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