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Synthesis of nanoparticles with femtosecond laser pulses
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First, a simple model describes theoretically the processes involved in the irradiation of solid targets by
femtosecond laser pulses and predicts the optimal target and laser parameters for efficient nanoparticles syn-
thesis. Then, we show experimental evidence for successful synthesis of aluminum nanoparticles. Nanopar-
ticles size distribution, morphology, atomic structure, and chemical composition are determined by various
techniques, including x-ray diffraction, atomic force microscopy, scanning and transmission electron micros-
copy, and energy dispersive spectroscopy.
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I. INTRODUCTION femtosecond regimes. Wilson and Harhiported the syn-
thesis of custom-engineered NP’s via conversion of a feed-
The synthesis and study of nanopartidl®’s) of various  stock into a high-temperatufg0 000 K), high-pressuré100
elements and compounds is of great interest both for techn@tm) plasma, which was subsequently quenched to control
logical applications and for fundamental research. Traditionthe mean particle size. Dolbet al1° deposited Pt NP’s onto
ally, NP’s have been produced by techniques such as atwoth highly oriented pyrolitic graphittHOPG and Si sub-
dischargé, vapor depositios, electrochemical depositich, strates. By varying the He background pressure and the
or ball milling.# In recent years, pulsed laser ablative depo-target-to-substrate distance, a large range of kinetic energies
sition (PLD) has gained much interest for the production ofcould be obtained. The shape of the NP's was found to
thin films as well as NP’s and their aggregates. PLD hagshange from spherical at lower kinetic energies to flat at
several advantages over other processes, including the abilitbygher kinetic energies. The size of the NP’s, however, was
to produce materials with a complex stoichiometry and anot dependent on the value of kinetic energy. Mzal!!
narrower distribution of particle size, reduce porosity, andstudied the mechanical properties of nanocrystalline Ni thin
control the level of impurities. films prepared by PLD onto silica, sapphire or Ni substrates.
Several papers provide experimental evidence for the praSon et al'? performed parametric studies to suppress sec-
duction of thin films and NP’s by means of PLD-based pro-ondary phases in LiNbQthin films prepared by PLD on
cesses. Sturrat al® studied the effect of an ambient Ar gas sapphire and LiNb@. To this aim, a KrF excimer laser was
on the PLD of Ag and Fe films directly onto a microbalance,used, with a pulse duration of 20 ns and laser fluence of
using an excimer KrF laser and a pulse width of 30 ns3—4 J/crd. From the references mentioned above it is evi-
Ulimann et al® described the properties of nanosize aerosobent that very little experimental work has been reported on
particles generated by either reactive or nonreactive lasehe laboratory processing of NP’s using ultrashort laser
ablation of solid surfacefulse duration was about 28)ns pulses.
Pronko etal! employed precisely controlled time- In addition to these experimental investigations, several
delayed secondary pulses for overcoming the plasma criticaheoretical studies have suggested that rapid expansion and
density limitations(namely, over dense or under dens&  cooling of solid-density matter heated by a femtosecond la-
Tizsapphire laser producing pulses with energy up to 60 mger pulse may result in NP synthesis via different mecha-
and with pulse width of 60—150 fs was used. A plasma-jethisms. Heterogeneous decomposition, liquid phase ejection
nozzle effect was proposed to explain condensed cluster foend fragmentation, homogeneous nucleation and decomposi-
mation of Ge on Si at room temperature. Tegtibl® used a  tion, spinodal decomposition, and photomechanical ejection
Nd:glass laser with pulse duration of either 250 fs, 1.3 ps, omay all lead to NP production in various target systems and
6 ns to evaporate an ACu,sFe, quasicrystalline target on under various heating regimé&s.2%It is even possible that a
an oriented Si substrate. The experimental analyses showednsiderable fraction of ejected material will be recovered in
the presence of nanostructured films retaining the target stahe form of amorphous or crystalline particles with radii
ichiometry but consisting of different crystalline and non- ranging from 1 to 1000 nm.
crystalline phases. The results also indicated that the ablation The time scales of heating and cooling of target materials
processes in the picosecoffpls and femtosecondfs) re-  under fs laser pulses are significantly shorter than in the tra-
gimes are very different compared to the nanosecond onelitional NP synthesis processes. Expansion and decomposi-
Melting of the target during the ablation and a mechanism ofion of instantly heated solid-density targets have been stud-
material ejection was proposed for both the picosecond anigd theoretically for Lennard-Jones systems both in two
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TABLE I. The average laser absorption coefficied) ( the laser irradiancel (), and the electron and ion temperaturds and T, ,
respectively at various times and distances from the target/laser boundary for an aluminum target.

depth 10 nm depth 10 nm depth 50 nm depth 50 nm
| time 100 fs time 1 ps time 100 fs time 5 ps
L
(Wicn?) A Te (eV) Ti (eV) Te (eV) Ti (eV) Te (eV) Ti (eV) Te (V) T (eV)
5.0x 10*? 0.156 1.2 0.039 0.50 0.13 0.40 0.028 0.16 0.15
1.0x 10 0.155 1.9 0.044 0.84 0.19 0.50 0.029 0.29 0.26
2.0x10% 0.183 3.2 0.054 1.6 0.32 0.63 0.030 0.68 0.50
3.7x10% 0.242 6.2 0.072 35 0.58 0.82 0.032 14 0.90
5.3x 10'° 0.282 9.3 0.087 5.6 0.84 1.0 0.033 2.2 1.2
1.0x 10 0.366 20 0.12 13 1.4 1.6 0.037 4.3 2.1
2.0x 10" 0.393 40 0.18 23 2.0 2.4 0.044 8.3 3.7
dimension$*~¢1819nd in three dimensiort§:'*?*Mecha- Il. THEORETICAL PREDICTIONS

nisms of ablation of a rapidly heated two-dimensional
Lennard-Jones system were investigated by Perez and We have already reported elsewtférehe details of
Lewis?>23 Ablation of graphite by femtosecond laser pulsess-polarized fs laser absorption by Al targets. Here, however,
was studied theoretically in Ref. 21, and detachment ofve usep polarization at 45° incidences. Therefore, the Max-
monoatomic layers of carbon was predicted under some irrayell equations are solved directly instead of applying the
diation regimes. Ablation of silicon by femtosecond laserHelmholtz equation as in Ref. 25. The electron and ion tem-
pulses was studied theoretically by Glovérefficient pro-  peraturesT, and T;, respectively, are calculated from the
duction of NP’s was predicted. Ablation of bulk aluminum following energy conservation equations:
(Al) by 500 fs, 1um laser pulse was studied theoretically by
Vidal et al?® It was found that for peak laser intensities be-
tween 2<10% and 2x 10" W/cn? the liquid phase com-
prised about 15% of the ejected mass.

The use of femtosecond lasers for NP’s synthesis may be aT;
attractive for several reasons. First, because the pulse ends Ci(Ti)W:U(Te'Ti)* @
before expansion starts, the fs laser does not interact with the _ -
ejected material, thus allowing the study of the hydrodynamWhere C, and C; are the electron and ion heat capacities,
ics and thermodynamics of the plasma expansion and of thé&spectivelyx is the electron heat conductivity, is the heat
NP formation without any external disturbances. Second, th&ansfer rate from electrons to iortss time, x is the distance
fs laser pulses heat a material without changing its densitffom the target surface inwards, aQdis the heat deposition
so that the initial thermodynamic conditions are easilyrate due to the laser radiation absorption. The laser absorp-
known. Third, for a given laser fluence, the material is heatedion changes significantly on scale of 10 nm, i.e., on the skin
to a higher temperature and higher pressure compared ®¢pth scale. As already mentioned, the laser energy deposi-
longer pulses because the laser is absorbed before any sigen profile Q is rigorously determined by solving the appro-
nificant thermal conduction and plasma expansion takériate Maxwell equations. The detailed expressionsdpr
place. Therefore, the fs laser can heat any material to a solid=i, andU are given in Ref. 25.
density plasma state with temperature and pressure above the The absorption coefficienA is averaged over the laser
critical point. temporal pulse profilé(t) and is given by

Hence, the goal of the present work is twofold. First, we P
model theoretically the processes involved in the irradiation ., mt Jo HdtfoQ(x,t)dx
of solid targets by femtosecond laser pulses and predict thé(t)zlLS'n2 e Ost<2m, A= [270 (1) dt

) e L 0
optimal target and laser parameters for efficient NP’s synthe- )
sis. The second goal is to verify experimentally the formation
of NP’s during irradiation of solid Al targets with femtosec-  The results of these new calculations are summarized in
ond laser pulses and to fully characterize them. AluminuniTable I. As can be seen from this table, in the domain of
targets are used in this work because both the optical progx 10 to 2 10 W/cn? approximately 15 to 40 % of the
erties and the equations of std€OS are well known for laser energy is absorbed. Results TorandT; are also sum-
this metal. Moreover, highly crystalline Al NP’s prepared by marized in Table I.
pulsed plasma have recently been repdrtecbroduce more The solution of the above equations at equilibriufi, (
rapid and efficient burning of solid propellants than other=T,) defines the initial conditions for the adiabatic plasma
existing powders. Thus, they are claimed to gain interest foexpansion. For the adiabatic expansion of the dense plasma
applications in rocket fuels, high-energy explosives, andve apply our EOS(see, for example, Ref. 26which is
lead-free gun primers. practically the wide-range semi-empirical EOS described in

_(9
T ax

ITe aT,
CelTe) 5 = 5| K(Te) 52| = U(Te, T +Q(x,),
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FIG. 2. Schematics of the experimental setup and conditions.

%‘ Some NP’s can thus form, especially at lowgy (close to 4
il eV). Paths starting aty=~0.2—4 eV are the most promising
0.01 0.1 1 in the context of NP production, as they reach the spinodal at
p [glem’] Py supercritical or near-critical densities; as phase decomposi-

. . o tion occurs, a relatively large fraction of the material as-
FI(_S. 1. Phas_e diagram of algmlnum. Solid Ilnes show phases_umes a liquid state. Of course, the highefjs the more
Sgrr?aégt?ggr:ﬁgée;?vi Zzis:;;igngngon";’; ;hzstﬂgig?'f;%”;po?ﬁe NP size distribution shifts towards smaller NP sizes.
’ il Paths starting at ;=<0.18 eV do not reach the spinodal and
values po=2.7 glcnd). . { i ;
describe a material that either remains unevacuated or leaves
detail in Ref. 27. Detailed calculations are performedTor the target as d_roplets of liquid. These paths do not contribute
andT,; at various depths and times before the expansion orf® NP production. _ _ ,
set, as a function of the peak intensityat that location on The above cons[deratlons are valid for the regions of the
the target surface. Laser spot size is large enougFF‘rget thz_;lt, by the time rarefa_lcnon starts af_fectlng them, can
(~ few mm) to neglect tangential heat exchange. The datge_de_scnbed, at least appr0>_<|mately, by a single temperature.
on temperature is used to locate the initial point on the phas&iS IS the case for the entire target except a surface layer
diagram for the adiabatic expansi¢AE) of the irradiated about 19 nm thick. Furthermore, for Ias_er irradiances larger
material. On the 4,T) diagram, each element of the target @0 10 W/c_mz, the electrons and the ions start to expand
material starts its AE at the same dengity(natural density before reaching _equn.lbrlum. In this case one has a dpuble—
of he mate ut & dfernt il smyrauty | TSRS ML, SO S e
__The_ ultrashort pulse allows completing the energy depop an thé aDDrobiate  temperature  at 132W/cmz and
sition into the target well before the target expansion begind ppropriate P '
and effectively decoupling these two stages of the procesdlerefore, larger NP's are created. Based on the above
The radiation energy is initially deposited in the electron@n!ysis, tr31e most effective NP production is expected for
subsystem, within a target surface layer of few tens of nnf L~5X 10" Wien.
thick. After the pulse ends, but before the hydrodynamic ex-
pansion sets in, the electrons in the surface layer undergo
cooling by heat diffusion and by heat transfer to ions
(phonong. This stage continues for several picoseconds. Upon completion of the first part of the work in which the
Next, the expansion starts, and consequently the heat transfiemdamental processes and conditions for efficient NP’s pro-
gradually ceases, making the expansion adiabatic. Accordinduction have been defined, experimental study is carried out
to our EOS, the rarefaction wave front velociisound ve- to support the theoretical findings. In the present work a
locity) in solid-density Al is 5.4 nm/ps at room temperafiire Ti:sapphire laser beam, with 50 fs pulse duration, Qr8
and 13 nm/ps at a temperatureTof (T,=T;)=11eV. This wavelength and a diameter of few millimeters, irradiates a
implies that the rarefaction at 10 nm depth starts roughly target. The spatial laser intensity profile is Gaussian to a
picosecond after the pulse, and at 50 nm depth—between good approximation. The target here is a 100 nm thick Al foil
and 9 ps after the pulse. on a transparent heat-insulating Gadflass substrate. The
The (p,T) diagram of Al is presented in Fig. 1. AE paths pressure in the vacuum chamber is f0rorr. The laser ir-
for various Ty traverse different regions of the diagram. radiates the target at an angle of 45° and with intensities
Paths starting af,=3—4 eV reach the binodal in the critical varying between % 102 W/cn? and 5x 10" W/cn?. Ex-
point vicinity; paths starting at highef, pass above the perimental conditions are summarized in Fig. 2. The heated
critical point. Paths starting af,>20 eV never reach the plasma expands into the vacuum perpendicular to the Al tar-
binodal. This corresponds to material that is converted int@et, whereas the debris are collected either on a silicon wafer
plasma, expands, cools, recombines into gas, and is eventifer x-ray diffraction (XRD), scanning electron microscopy
ally deposited on the vacuum vessel walls as individual at{SEM), and atomic force microscogAFM)] or on a copper
oms. Paths starting @t~ 8—20 eV reach the binodal at sub- grid covered on one side with a carbon membridoetrans-
critical densities, but never reach the spinodal. Paths startingission electron microscopTEM)].
at To=~4-8eV reach the spinodal at subcritical densities. Visual examination of either the wafer or the grid follow-

Ill. EXPERIMENTAL PROCEDURES AND RESULTS

144119-3



S. ELIEZERet al. PHYSICAL REVIEW B 69, 144119 (2004

FIG. 3. Scanning electron microscope image of mainly spherical
nanoparticles deposited onto a silicon substrate.

ing the irradiation experiments reveals the existence of a |
white nondense deposit. The atomic structure of this deposit
on a silicon wafer is determined by XR[x ©-© powder
diffractometey. Through comparison to the JCPDSoint
Committee on Powder Diffraction Standaydide for the cu-

bic Al phase(No. 04-0787, it becomes apparent that a sepa- §
rate phase of pure crystalline Al has formed on the surface. &%
However, a shift of the reflections to slightly lower angles £
indicates that compressive stresses were probably introducedsses
to the deposit. The same XRD data also allows calculation of
a lattice parameter which is slightly larger in thalirection
(4.0700+0.0045 A) and smaller in th& andy directions
compared to the lattice parameter given in JCPDS No. 04-
0787(4.0494 A. It should be noted that in order for the light
Al to be detectable by XRD, the deposit should be thick
enough. In addition, the XRD spectrum is basically obtained -
as an average of different particles. el Mt

SEM micrographs revealing a general view of the Al v

particles-deposited wafer are also obtained. Figure 3 shows
the spherical shape of selected Al particles. In general, both

FIG. 5. Transmission electron microscope bright-field images of
aluminum nanopatrticles deposited onto a copper grid covered with
an amorphous carbon membrarf®.Low magnification showing a
group of spherical nanoparticles smaller than 50 rim. High-
resolution image showing arrays of atoms that illustrate the crystal-
line structure of this 24-nm-size nanoparticle.

nometers to as high as approximately 500 nm. Chemical
composition of the deposited particles is also assessed in the
SEM by means of energy dispersive x-ray spectroscopy
(EDS). Silicon and Al from the substrate and deposited par-
ticles, respectively, are detected. AFM provides near-atomic
resolution and is therefore used here to study small NP’s.
Measurements are carried out using a Digital Instruments
Nanoscope Il system with a 140m scanner, operating in the
FIG. 4. Atomic force microscope image of nanoparticles deposheight mode under ambient conditions. Figure 4 shows an
ited onto a silicon substrate. Scan size is 22%0 nm, thezrange AFM image of particles deposited onto Si substrate. This
is 25 nm. image reveals particles ranging from 10 to 50 nm in diameter
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and from 2 to 10 nm in height. ticle. It should be noted that in various regions of this and
The size distribution of the NP’s is determined with the other particles no atom planes can be identified. This may
aid of an image analysis software package based on the AFMdicate that, at least in some patrticles, both amorphous and
data. The cumulative number densityS) of NP’s (from  nanocrystalline structures of Al coexist. EDS analysis from
infinity to S) as measured by the AFM is found to fit well to the vicinity of the particle shown in Fig.(B) reveals a high

the following formula: Al peak, together with peaks of copper and carfoom the
grid) as well as oxygen. Fast Fourier transfo(FFT) and
f(S)[particlesfum?] = a ex;{ B i ‘o ex;{ B i) electron diffraction from particles deposited onto the copper
! 1 2 o)’ grid typically do not provide in this work nice diffraction

patterns due to the encapsulation of the light nanocrystalline
Al particles in the folded amorphous carbon membrane and
the absence of good Bragg conditions. Yet, two clear spots
. . 3 _ ) are observed in the diffraction pattern of the particle shown
imadiance of 3.X 10 Wicn? we geta;=121um 2, a, in Fig. 5(b). The distance between these spots is found to be

=190um~?, ;=827 nnf, and u,=168 nnf. The diam- Anee .
; o ; 2.354+0.118 A, which is in good agreement with the stron-
eter of the NP’s layer on the silicon substrate is about 3 mm est reflection from the cubic Al phag2.338 A for planes

the NP’s distribution across this layer is homogeneous to X
good approximation. The total number of particles per unit 11} according to JCPDS No. 04-0787
area,N, and the average dimensidis) of NP’s are ex-

whereS is the area of the measured NP in units of’rend
aq, ay, uq, andu, are constants. For example, with a laser

pressedusing Eq.(3)] as IV. DISCUSSION AND CONCLUSIONS
N(particlespum?) = f(0)= a;+ a5, It is shown in this paper that while keeping the Al source

and the Si substrate the same for all experiments, the NP’s

L df production changes only with laser parameters; namely, for

IOSd—SdS Qg+ Aoy equivalent substrate temperature, impurities and surface
(S)y= af = n . (4 roughness, the particles number and size depend only on the

f==dS T plasma parameters, which in turn are a function of the laser

ds irradiance for a given target. In particular, the number of

Our experiments give N=4, 300, 1000, and NP’s changes with the laser irradiarigequite drastically. At
30 particlesum? for I, =3x 1012 3.7x 1013 5.3x 1013 and  laser irradiances lower thanx@L0*2 W/cn? or higher than

5% 101 Wicn?, respectively. For the same laser irradiances® X 10 W/en?* no NP's formation is observed. Furthermore,
we get appropriately(S)=1.2x 10¢, 4.2x 10, 1.2x 10, similar NP’s form either on a silicon wafer substrate or on a
and 5x< 10° nn?. Note that the total number of particles per COPPer grid covered with carbon, and the Al deposit is thick
unit area significantly decreases at the highest laser irrad@nough to be detected by XRD. Hence, it is conceivable to
ance because the initial temperatdoefore the adiabatic ex- conclude that these observations indicate that the particle
pansion is too high(see Fig. 1 Moreover, at higher laser formgtlon as described in this work is a gas phase process
iradiances no NP’s formation is observed. The experiments®d is not dependent on the substrate nature. L
values are thus in good agreement with the qualitative model TO conclude, this work provides calculation of the initial
described above. conditions, created by a femtosecond laser plasma interac-

TEM is also used here to characterize the structure anHon: for an adiabatic expansion of the plasma and the cre-

the composition at a subnanometer resolution of the Npr&tion of nanopgrtlcles. Subsequently, it de;crlbes the f|rst ex-
deposited onto the copper grid. A Philips Tecnai F20 microP€rimental evidence for the synthesis of aluminum
scope(a field emission gun microscope operating at 200,kV nanoparticles and their characterization. The next step should
equipped with an EDS detector from EDAX for chemical be to optimize th_e process so that the nano_partlcles shape
analysis, is used. Representative results from an in depl‘ﬁ”d size distribution can be better controlled in a reproduc-
study are given herein. TEM micrographs reveal once agaiff'e manner.
the large distribution in NP’s size, from less than 10 nm to
hundreds of nanomete’rs. I_:lguréa)ﬂs a bright-field image ACKNOWLEDGMENTS
showing a group of NP’s with diameters smaller than 50 nm.
The largest dark circle seems to cover itself a group of NP’s. The authors acknowledge the very important contribution
Figure 3b) is a high-resolution bright-field image of a par- of Dr. Arie Borowitz at the early stages of this research.
ticle approximately 24 nm in diameter. Line arrays of atomsUseful discussions with Professor Arie Zigler are greatly ap-
may be noted, indicating the crystalline nature of this par{preciated.
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