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Nanoparticles were generated by pulsed laser ablation of tungsten jramblent at atmospheric
pressure. Size distributions and concentrations were monitosetli versus laser fluence, repetition

rate, and ablated spot size, by a differential mobility analyzer and a particle counter. The multishot
ablation threshold was determined to k& J/cnt for the laser usedArF excimer,A =193 nm).

Mostly small, nonlognormally, distributed particles 20 nm in diameterwere generated below the
ablation threshold ¢y,), and the relative concentration of larger particulateQ nm in diameter
increased abovéy,. Modeling of the temperature and ablated depth dependence on fluence showed
that the formation of clusters below,, could not be assigned to a thermal process, but are
connected to particle condensation from a photochemically desorbed thin layer. X-ray diffraction
and x-ray photoelectron spectroscopy analysis performed on polydisperse nanoparticles revealed an
amorphous phase of the particles, and the elemental composition was found toge VEN2003
American Institute of Physics[DOI: 10.1063/1.1587253

I. INTRODUCTION above the threshold fluence,), which is utilized for depo-

. . . .sition of complex compounds such as highsuperconduct-
Research in nanomaterials and nanopowders with grain P P Ghsup

sizes less than-100 nm is today one of the fastest growing ors. In addition, h|gh meltmg point matena(ls.g.,.C, W, and
fields within materials science. This increasing interest stemtfractory ceramidsare easily deposited. Chemistry can also

from the unique properties that these nanostructured materR€ Performed if the ablation takes place in a reactive back-
als exhibit, usually size dependent and well differing fromground gas.

the corresponding bulk? Knowledge of the size distribution of the produced par-
Nanoparticles and nanomaterials can be synthesized Wicles is crucial due to the size-dependent material properties,
various techniques, e.g., mechanicalball-milling),> i.e., wide distributions may smear out the desired size ef-
template-basetisol—-gel® and gas phase synthefims con-  fects. The use of a differential mobility analyz€dMA)
densation, chemical vapor depositi®VD) etc].® combined with a particle counter during nanoparticle produc-

Pulsed laser ablationPLA), whereby a material is tion by PLA in an ambient gas allovia situ monitoring of
evaporated by an intense laser pulse, is a well known techhe size distribution and concentration of the generated
nique for th.m—fllm deposition as well as fo_r the preparat'onnanoparticleé.‘“ The high sensitivity of the condensation
of nar)oparucles and nanomatgné%T_he main _advantage of particle counteCPC; 1 particle/cr), assuming that most
PLA is the congruent(stoichiometri¢ material transport of the ablated material condenses to nanoparticles, allows
one to monitor the ablated depth in the range~o10 °
dAuthor to whom correspondence should be addressed; electronic mai}honmayer which other techniquée g atomic force and

lars.| kem.uu. o . o
ars-landstrom@rmienm uu.se sgcanning electron microscopygannot perform. Therefore,

YAlso at: Research Group on Laser Physics of the Hungarian Academy i "
Sciences, Szeged, Box 406, H-6721, Hungary. the DMA+ CPC system makes it possible to study the abla-
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No Hz, respectively. The ablated spot size was varied, at con-
stant fluence (8 J/cfh and repetition rat¢2 Hz), from 50 to
420 um in diameter by changing the aperture in front of the
focusing lengFig. 1). The DMA used was a TSI Inc. nano-
DMA working at atmospheric pressure with the sheath flow
and sample flow set at 4 slpm and 1 slpm, respectively. This
instrument characterizes charged particles according to their
electrical mobility, and the charging takes place prior to the
DMA by a radioactive $Kr) source. A CPC from TSI Inc.
analyzed the particle concentration. The flows used, com-
bined with the size detection limit from the CPC, allowed a
size window of 7 to 133 nm in diameter to be monitored for
the aerosol particles in )N Nitrogen gas at atmospheric pres-
sure was used as the ambient gas since its gas properties are
similar to air (for which the DMA system was calibratgd
and also because this DMA is limited to operate at atmo-
spheric pressure. Measurements done with inert gases, such
To DMA as argon, decreased the size window drastically due to the
lower breakdown voltage of Ar compared to, Nor air).
FIG. 1. Cross-sectional view of the ablation sefup denotes laser beam Furthermore, an impactor was applied before the DMA inlet
in order to filter out particles above 300 nm in diameter.
tion well below the ablation threshold, giving useful infor- A polished polycrystallln.eWpIatépunty . 99.9%) was
mation about the ablation proceSs. used as a target, and po§3|ble surface oxides and/or mtndgs
were removed by desorption before measurements by 15 min

- ;I;g\rosfcfzrcgessteg haSN?ﬁigg(‘ielsé'gjfr?dfg;;’irrf)lg_?éﬁer'ablation(at 10 Hz repetition radebelow the ablation thresh-
» €.9., Ndt ' old for tungsten.

16 _ 7 ; . _
XeCl"® and sub-ps KrF! Generation by Nd: YAG laser ab For deposition of the particles, a 0.5 mm diameter nozzle

lation and electron microscopy study of elemental NanoPat as used in an electrostatic preci itaeince the particles
ticles of tungsten in an inert gas ambiéht3—67 kPacom- precip P

. . are chargedto increase the particle concentration per unit
bined with a low-pressure DMA has also been repotfed. gent P : 1on p
. : . ; area. Both size-selected and polydisperse particles were de-
In this article, results on nanoparticle generation by ArF

excimer PLA of tungsten in a Nambient at atmospheric posited. The generated particles were collected on Si sub-

pressure is presented. The aim of this work is twofold. First,Strates for SEM, XRD, and XPS analysis.

by exploiting the high detection sensitivity of the detection

system (DMA+CPC), the ablated mass is monitored well [ll. RESULTS AND DISCUSSION

below the abIation_threshoId. In addition, th(_e temperaturey apiation process

and ablated depth increase on laser fluence is modeled and

compared with measured data. This gives further insight con-  The ablation process can be divided in two different
cerning the ablation, and it is shown that the ablation procesBarts. (1) Above ¢y,, the ablation plume consists of two
has a clear nonthermgbhotochemicalpart beside the well- components; the low yield desorptive part and the high yield
known thermal component. Second, the size distributionéstoichiometri¢ forward peaked part(2) Below ¢y,, only

and particle concentrations are monitored as the experimeiibe desorptive part can be found, and this part also exhibits a
tal parameters are a|terédp0t size, laser fluence, and rep- more sensitive angular dependence Compared to the forward
etition rate, revealing the advantages and disadvantages dfirected oné:® At an elevated background gas pressure, par-
nanoparticle production by PLA. Deposited particles werelicles are condensed within the plume and can be detected by
also characterized by scanning electron microso@&fv),  means of a DMA and CPC.

X-ray diffraction (XRD), and X-ray phot0e|ectr0n spectros- The ablated mass and ablated depth dependence on laser
copy (XPS). fluence is depicted in Fig. 2. These values were obtained by

assuming a density of 17.8 g/émof the generated particles
(corresponding to WN)*® and that all of the removed mate-
rial condensed to clusters within the detection windaine
The experimental setup consisted of a stainless-steel cyret effect of these assumptions will most likely underesti-
lindrical cross, see Fig. 1, with a quartz window and a rotatimate the amount of material remoyeds the fluence is
ing target on opposite sides. Perpendicular to the normal dhcreased to~6 J/cnf, the increment of ablated mass is
the target was the gas inlet and outlet. The target was rotatesinall, but an abrupt increase can be found &tJ/cnt. Also
with an angular speed of 2 rad/s to avoid piercing. An ArF  note the linear increase on fluencedat 5 J/cnt (see inset
excimer lasef A =193 nm and laser pulse duration full width in Fig. 2). Since the ablation thresholdp{,) is related to
at half maximum (FWHM} 15ns] was focused onto the significant material removal, it is thus concluded that the
target by a fused silica leng £ 10 cm), and the fluence and multishot ablation threshold for tungsten-is J/cnf for the
repetition rate were varied between +.8.3J/cnt and 1-25  laser source used\ 193 nm). This is also consistent with

rotating W target

= |

4

focusing lens

W

Il. EXPERIMENT
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— Troz Jios evaporation(sublimatior) of tungsten is such, that only
2 ol o o | 2 ~10 A of W per pulse can desorb at such temperatures.
& L or o 13 @ This is clearly not enough to provide material for cluster
EXMi 6 o | E formation.
E at &,g"’ 16 = The conclusions of these simple estimations were also
4 4l o1 o’ o g confirmed by more detailed calculations performed with the
g N S | 14 §“ method of moment$ that includes temperature depen-
2 2r a 1 = dences of some material parameté¢sge Table )| These
= 9 28 more detailed calculations will, of course, result in somewhat
2 o- gooopoo o P = _'0 —E different absolute value@f ablated depth and temperatyre

0 5 4 3 8 compared to the earlier mentioned simple estimations. The

laser intensity,I(t), of a typical excimer laser pulse was

Laser fluence, ¢ [J/cmz] i | ;
approximated by the following smooth functidn
FIG. 2. Total mass$in 7—133 nm size window, left-hand side scale assuming

bulk W,N density of the particlesand ablated deptfright-hand side scale,

assuming that all of the desorbed material forms nanopartigles laser I(t)=I —exp{ i _}

pulse vs laser fluence. Repetition rate 2 Hz and spot diameten210The 0, !

ablation threshold ¢,,) can be seen at 6 J/cm. Inset shows a linear in-

crease of ablation yield at fluences belevb J/cnf.

@

where the laser fluence is given lgy=1,7 and pulse width
at half maximumreyy=~2.446r.

other observed values found in literature for ArF excimer  To speed up the calculations, constant average values
ablated metalqsee, e.g., Refs. 7 and 19 and referencesvere taken for some of the parameté&se Table)l Steplike
therein. changes in material parameters at the melting point were

Interestingly, nanocluster formation was observed wellsmoothened over a finite temperature interval. This does not
below ¢y,, down to~1.4 J/cni~ ¢4/4, see Fig. 2. This is strongly affect the final result. One should add, that not all
an indication that some nonthermal process may be involvegharameters for tungsten above the melting point are known.
To investigate the possibility of a purely thermal mechanism|n particular, the evaporation rate given in Ref. 20 refers to
the temperature and amount of ablated material was estsolid state only(sublimation.
mated on the basis of thermal ablation motel. Special comment is in place with respect to the optical

As a first approximation, if material removal is purely properties. High-temperature values of optical constants of
thermal, then pronounced ablation by ns pulses is observedingsten at 193 nm have not been obtained by the authors.
at temperatures somewhat above boiling temperatureSirst, the Drude model was used to estimate high-
(~5830 K for tungsten'® Alternatively, one can estimate temperature dielectric constant. Room-temperature plasma
which temperatures should be reached for tungsten in ordemd electron collision frequency extracted from IR measure-
to ablate, say 1 A per pulse during the til¥e100 ns. These ments are listed in Ref. 22. The electron collision frequency
temperatures lie in the range 6f4700K2° Let us assume was assumed to increase proportionally to resistittaken
that observed threshold corresponds to either of these valudspm Ref. 23. Inserting this into Drude formulas for dielec-
and that below the ablation threshold maximum temperatur&ic constant and Fresnel formulas forormal incidencgab-
scales about linearly with fluence. Then, the temperaturesorptivity, resulted in a gradual increase in absorptivity up to
reached for~1.4 J/cnt are about 1400—-1600 K. The rate of 0.84 at temperatures above 5000 K. This naturally led to

TABLE |. Parameters used for thermal ablation calculatibhslenotes the absolute temperajure

Parameter Symbol Unit Value

Melting temperature Tm (K) 3695

Boiling temperature Ty (K) 5828

Density p (g/cn?) 19.3

Latent heat of fusion AH, J/9 190

Latent heat of evaporation AH, (kdlg 3.86

Evaporation rate v (cm/9 vy eXp(=T,/T)

Pre-exponential factor Vo (cm/9 2.65x 10" T

Activation temperature Ta (K) 92 702

Absorption coefficient a (cm™Y) 2x10°

Absorptivity A 0.34

Thermal conductivity T<T,,) K (W/cm K) 1.24x10 ¥T4—1.24x 107 1°T3+ 4.9x 10" "T2-9.6x 10 *T
+1.828

Thermal conductivity T>T,,) K (W/em K) —1.06xX 1071 T*+7.25x 10 1°3T3—1.97x 107 8T?+ 1.86xX 10~ *T
+0.258

Specific heat T<T,) c (/g K) 8.41X 10 16T4—3.91x 10 *T°—4.8x 10 °T%+2.8X10°°T
+0.1243

Specific heat T>T,,) c J/lg K 0.1935
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10 ' ' ' '
0.2 04 -1 (2)'6 0.8 FIG. 4. Typical size distributions obtained at 2 Hz repetition rate and ab-
1/Fluence, ¢ ~ [cm /J] lated spot-size diameter 240m, above(solid line at 8.3 J/cf) and below
co0ol b) ] ¢y, (dotted line at 4.4 J/ch).
. 5000} . . . . _ .
&~ - . material forms particulates and particles outside the detection
§ 4000_— ] window were also generatedhe estimated temperatures in
= 3000] . this region are up to 6000 K, but the amount of ablated
% i 1 material is still too small to initiate noticeable deviation from
& 2000_' ] an Arrhenius behavior, which occurs in the region of quasi-
1000 4 stationary ablatior?
6 - ﬁ - 4'; - ('3 s ;3 Interesting divergence between the calculated and ex-

2 perimental results can be seen at low fluences. Cluster for-
Laser fluence, ¢ [J/cm’] mation was observed already-atl.4 J/cn? where estimated
FIG. 3. (a) Arrhenius type of plot of calculated ablated depth per laser pulse.t(:"mper_ature Is~2000K [See F_Ig' 33)] As can be inferred .
Solid line was obtained by the thermal ablation model and squares frolfOmM Fig. 3@), the corresponding expected ablated depth is
experimental data, respectively. The lower axis represents inverse laser flin the order of 10'°nm. This means desorption of indi-

ence 1¢. For convenience, fluence values are indica_ted on the upper axisvidua| atoms 0n|y and this correlates well with the absolute
mztztt:aeté%gtﬁf%ftg: ttzreggfpth scalg. Calculated maximal temperature of thermal stability of tungsten at these temperatures. Melting,
which can be seen as a small kink in calculated temperature
and ablated depth plotsee Fig. 3, is expected at around
higher ablation rates than depicted in Figa)3 (Curve not 3 J/cnf only.
shown) Even having in mind uncertainties in the absorptivity
But tungsten does not seem to be a Drude metal in thgalue, it seems highly unlikely that the clusters are produced
UV. The room-temperature dafaindicated strong decrease thermally in the -2 J/cnt fluence range. First, the amount
in refractive index with wavelengths shorter that250 nm.  of material that is thermally ablated at these fluences seems
Such behavior is impossible within the Drude model. Be-to be far too small. Second, the behavior of experimentally
sides, Drude formulas predict unreasonably lawalues measured cluster yield as a function of laser fluence does not
(~2.5x10*cm 1) at 193 nm even at room temperature. show Arrhenius behavior at all. In fact, the ablated mass
Most importantly, the available temperature depend@®—  increases linearly with laser fluencegt 5 J/cnt (see inset
3600 K) data in the 250—350 nm range shovdecreaseof  in Fig. 2). This linearity is an indication that a single-photon
absorptivity with increasing temperatuf&?° This effect can  photochemical proces§.e., nonthermalis responsible for
be associated with some interband transitions or with théhe material removal at low fluences, since the amount of
anomalous skin effeéf though available data seem to pro- tungsten that is desorbed is proportional to the number of
duce too small values for the overall absorptivity. For theincident photons? Recalculating the fluence into the number
aforementioned reasons, reliable room-temperature values photons and comparing it with the amount of removed
for the absorptivity and absorption coefficient were usedmaterial from Fig. 2, a quantum yield of 0.002 atoms per
over the whole range of temperatures. photon was found in the low fluence range. However, for a
The results from calculatior(tn ablated depth per pulse photochemical process, one expects the extrapolated curve to
are shown in Fig. @) together with the experimental values pass through the origin, which is not the c&ablated mass
from Fig. 2. One can see that at high fluendebove equals zero a$~0.25J/cm, see inset in Fig. 2 This effect
~6 J/cnt), the calculated results agree with an Arrhenius-is again explained by the fact that clusters outside the detec-
type behavior found in experiments and a good corresportion limit are formed and that not all of the ablated material
dence between the slopes can be observed. It is also notadll condense into particles.
that the simulated ablated depths give larger values than the Typical size distributions are shown in Fig(dbove and
experimentally observed ones. This discrepancy can be ebelow ¢y,). Below ¢y, the distribution contains mostly
plained by the fact that the values obtained from experimentsmall particles £ 20 nm in diametgrand increases slowly in
were most likely underestimatgde., not all of the ablated mass concentration with increasing fluerisee Fig. 2. This
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Spot area, As [um’] FIG. 6. Repetition rate dependence on ablated mass at laser fluence?7 J/cm

and spot diameter 100m. Total mass concentration in 7—133 nm diameter
FIG. 5. Spot-size dependence on the ablated mass at repetition rate 2 Hz agide-window (—V—) and for small particles(7-20 nm in diameter,
fluence 8 J/crh ——0O--). Inserted lines are a guide for the eyes.

. I . _rate is depicted in Fig. 6. Similar to the ablated spot-size
small-sized contribution can be found at all fluences |nvest|—dependence the shape of all recorded distributions during
gated, and it is noted that the_shgpe.of this d.|str|but|on C"’mr'epetition rate measurements resembled the size distribution
not be fitted to a lognormal distribution. Particles of larger g 0 in Fig. 4(upper track For the small particle7—20

S'Ze‘T’I 20 nm)b mcreasedln ctohncvflntratloq rglatlve tg tthh_enm in diametey, a linear dependence is observed in the mea-
smaller ones aboveyy, and as the fluence is increase 'Ssyred frequency rangé—25 H3, but for the total mass con-

relative difference becomes more pronounced. If the shape Yentration(size window of 7-133 nm in diamefera slight

the distribution belovv_¢>th Is taken as the b_acl_<gr0und and decrease of the slope can be seen at higher repetition rates.
subt.racted from the high fluence curve, a d|str|buﬁphthe At elevated pressures, nanoparticle formation takes place in a
pgrucles >20nm) that resembles “a Iogpormal IS four.'d'ms(or les$ timescal€’’ so as the repetition rate is increased,
S_mce the appearance of the brogd pegk for larger partlcle[he interaction between the produced particles and following
SIzes ta}kes place ‘?‘bOY"ﬂh—.C"mb'”ed with the fa_ct that. the laser pulses becomes more significant. One effect of this in-
smaII-S|zeq .contnbutlon is present at all mvesng","tedteraction is the absorption of the incoming laser light, result-
fluences—it is thus concluded that the part at small S|zesing in heating of the particles to temperature8000 K or
(<20nm in diametgremerges from the desorptive part and higher?® This heating induces evaporation of atoms from the
%anoparticles and may lead to significant size decrease de-
pending on the evaporation réteresulting in a reduction in
the concentration of the small particles and, consequently, a
change in shape of the size distribution. However, for the
experimental parameters used, such a change could not be
served since a linear dependence for the smaller-sized

ablation. It also follows from this discussidgooncerning the
modeling of ablated depth and temperajutat this desorp-
tion exhibits a nonthermal characteristic.

The shape of both of these contributions to the size dis
tribution remains unchanged as the fluence is increased,

these two different parts of the distribution are most Iikely(<20 nm in diameter particles on the laser repetition rate

separated i.n timéand/or spaceduring particle.formation. was detectedsee Fig. 6, dashed lineThe slight decrease of
Agglomeration and coalescence would otherwise most prob[he slope in total mass at high repetition rates can be ex-

ably occur, resulting in a different shape of the size distribu-plained by an attenuation of the laser ligktg., by absorp-

tion. (A_gglomerahon an(_jlor coalescence results in an Ntion and scatteringwhen high concentrations of particles are
crease in the concentration of the larger and decrease of t

S ) 5 r1’8rmed, resulting in a slightly less effective ablation process.
smaller mobility-diameter particles. In addition, the formation of larger particulates outside the
The abIaFed _spot-area dependence on the ablgted M3FFserved size window at higher repetition rates would also
can be seen in Fig. 5. For Iarger.spot ar(mgrespondmg 0 decrease the total observed mass, but this effect does not
Fj|ameters> 100um), the mass is proportional t'o the area seem to be significant since all of the observed distributions
increase as expected, but at smaller spot afeasliameters were similar in shapgOnly an increase in the concentration,

<100um), a dewa’uo_n from a linear dependenc_e IS Ob'independent of size, was observed as the repetition rate was
served. As the spot diameter is decreased, the width of thﬁﬁcreased

angular distribution of the ablated material increa8ethis

effect explains the slight nonlinearity of the ablated mass aé Characterization

small spot areas, due to the decrease of oversaturation ratio

as the angular distribution is widened, resulting in the forma-  SEM pictures of size-selected particlg® nm in diam-

tion of smaller particles outside the detection limit of the etep can be seen in Fig. 7. For short deposition tirfiesg.

CPC. The shape of all recorded size distributions for the7(a)], the particles were found to be separated and one can

different ablated spot-area measurements were similar to thebserve the similarity in size. At longer deposition times

spectrum depicted in Fig. @pper tracg i.e., abovedy, . [Fig. 7(b)], a high degree of agglomeration of the deposited
The mass concentration dependence on laser repetitiguarticles was observed. Even though agglomeration occurs,
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moval of material above and belog,, one might expect a
different composition of the nanopatrticles formed belgwy
compared to above the same. Current work addressing this
question is in progress for both tungsten and graphite abla-
tion in a N, ambient, and will be reported elsewhéfe.
Grazing incidence XRD of polydisperse samplé&sser
fluence 8 J/crh spot size 42Qum, and repetition rate 2 Hz
revealed an amorphous phase of the particles, i.e., no distinct
diffraction pattern could be obtained. This amorphous phase
can be related to the small heat content and rapid quenching
of the generated particldsee discussion next
FIG. 7. SEM micrographs from size-select@® nm in diameterparticles It is also noted that DMAs have been used for monitor-
produced above,, at different deposition timega) 5 min and(b) 45 min,  INg nanoparticles during the ablation of various materials
respectively. using Nd: YAG lasers. For example, tungsten was ablated in
He atmosphere at a pressure region of 1.3—67 kPa. A distri-
bution similar to lognormal with a peak at10 nm in diam-

this deposition technique produces a high surface area matgfer was observed at a pressure of 40 kPa, and crystalline

rial that can be L.jsed for, e.g., catalytic or sensor applicat.ion%Ungsten particles were formed at higher fluen€dssilicon
XPS analysis was performed on polydisperse partICIe?arget was ablated in an Ar atmosphere of 70—400 Torr

passing only through the impactor. From the Wrégion which resulted in a bimodal size distribution. As the ambient

[Fig. 8@], one can observe the WW bonding from the d1 density i d h
41, and 4., peaks at 310 and 33.2 eV, respectively, ThePeSSure and laser energy ensity increased, an enhancement
712 572 ' ' ’ " " of the concentration of larger particles was fodhdlso,

relative intensities between tlHigpeaks and the shoulders at . .
: o . f:ompound materials, such as Csl, have been monitored dur-
higher binding energies also suggest that tungsten bonds 10

X . . . Ing Nd:YAG laser ablation of a cesium iodide rod in an
more electronegative elemerttstrogen and oxygen, in this argon atmosphere of 75-760 Torr. A bimodal lognormal dis-
case. Nitrogen and W—N bonding was also confirmed by g P ' g

. L tribution was observed at a laser fluence~el J/cn? and
the shift of the N % peak toward lower binding energy . . )
. . o . 100 Torr ambient pressure. The smaller-sized particles de-
[~397.3 eV, Fig. &)]. Taking the sensitivity factors into . ) .
. . o g creased in concentration as the ambient pressure and laser
consideration, and relative intensities from the Yadd N

: " fluence increasett.
peaks resulted in an elemental composition of y¥NSmall

amounts of oxvaen were also detected due to the rapid oxi- In this study, it was shown that the size distribution of
) Y9 b %he nanoparticles formed from the quickly desorbed material
dation of tungsten as the samples were exposed to laborat

or .
air \Was nonlognormal, but the condensation from the forward

The elemental composition reported here was obtaineﬁmaCted ablative P artabove dy,) yleld(_ad—most I|kely—_a
ognormal type with lower concentrations but larger diam-

from particles generated above the threshold fluence only. . .

Since it was shown that different processes govern the reqters of .the particles. At this stage of the research, no c_Iegr
explanation for these results can be presented, but it is

pointed out that the maximum fluence (8.3 Jfymised in

this work was only~40% higher than the threshold fluence

(~6 J/cnt) and, consequently, the desorptive contribution to

the total evaporated material becomes rather significant. This

explains the unusual nonlognormal feature in our measured

] distributions.

. Furthermore, no crystalline particles were formed in this

1 present work. First, we note that crystalline tungsten nano-

particles could be generated if the particles were heated by

I e subsequent laser pulses acting as postannealing with a laser

44 42 40 38 36 34 32 30 28 26 fluence of~160mJ/cm during low-pressure laser-assisted

[ by N 1s region 1 CVD (LCVD) studies?® Here, the laser fluence was esti-

i mated to be~1 J/cnt in the condensation volume, i.e., a

crystalline phase could be anticipated for the particles at the

first glance. However, since the deposition for the materials

characterization was performed at 2 Hz repetition rate, and

taking into account the linear velocity of the gas flow

(~1cm/s), the plume size{1—2 cm), and that the diam-

I ] eter of the laser beam was about 1.5 mm at a distance of 1-2

206 404 202 400 398 396 394 392 390 cm from the target surface; it follows that most of the con-

densed particles were not heated by subsequent laser pulses.

Consequently, an amorphous phase could be expected, and

FIG. 8. XPS spectra fronte) W 4f and (b) N 1s regions, respectively. was observed as well. In addition, it is also noted that the

+ a) W 4f region
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