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Expansion Dynamics of Laser-Generated Si Atomic Beam
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The generation of atomic and ionic species bv laser ab-
lation of sohd targets has been studied since the advent of
lasers.” As solid targels are irradiated by high intensity pul-
sed lasers, a plume consisting of atoms. ions. molecules,
clusters as well as clectrons 1s generated. Sinee the atonnie
and molecular species in the plume have high Kinetic en-
ergies with small angular spread and narrow velocity dis-
tribution,” they have good reason o be called as heams.
The average Kinetic energies ol atoms and 1ons are in the
range of tens of electron velt. Such high energv atomic
beams with narrow energy distribution will be certainly
benelicial o the deposition of thin films. Tn this regards,
there has been a growing interest in the laser ablation of sol-
id targets aiming at the deposition of high quality thin films.’

In particular, laser ablation is now considered as one ol
the most usetul techmques in the stoichiometric deposition
of multi-clement matenials like YTIRCO superconductors duc
to 1ts congruent melling characteristics. More reeently, pul-
sed laser ablation has also been proved to be a powerful
tool n the deposition of refractory materials since high tem-
peratures well above melting points can easily be obtained.'
In case of oxide superconductors and nitrides, the deposi-
tions of thin {ilms by laser ablation have been [requently
performed n oxygen and nitrogen atmosphere, respectively,
Such reactive atmospheres are olten required to control the
stoichiometry ol oxygen or nitrogen of the 11lm deposited.
Therefore. 1t would be highly important to understand the
mechanisms of associative chemical reactions giving molec-
ular oxides or nitrides as well as gas phase condensations
lforming clusters i the reactive laser ablation.

Also, mformation on the dvnamics of laser-mduced
plume and the transport of the ablated species (o the sub-
strate will be of critical importance to understand the details
of pulsed laser deposition of thin films. In spite of the very
exlensive experimental works camried out so far, many
phenomena of laser interaction with solid surfaces as well
as gas dvnamics of the plume are far from satistactory ex-
planation and sull nced intensive  investigations.” Fun-
damental details of how the plasma plume is scattered, slow-
ed, and attenuated bv background gas collisions are still be-
g revealed. Taser ablation 1s a very complicated process
and there 13 no reliable model to desenbe the optical and
thermal attributes of the laser ablation as vet.

Reeently, we have suceesslully apphed time-resolved opti-
cal emission spectroscopy to mvestigate the laser ablation
dyvnamics of pyrolvtic boron nitride in background gas con-
ditien.® In this work, we have studied the expansion dv-
namics of laser-ablated silicon atoms and ions i both lngh
vacium and background gas conditions emploving snnilar
technique. This work has been motivated as preliminary stu-
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dies ol reactions betw een laser-ablated silicon atoms and ox-
veen melecules. Ilere, we will discuss the validity of molec-
ular bean analogy ol laser-generated atomie species and the
differences between expansion dynamics m vacuum and
background gas conditions.

Experiment

The experimental sctup 1s similar o the one deseribed
clsewhere except the laser ablation chamber and signal pro-
cessing cleetronies. A high vacuum system with a turbo
molecular pump has been built to perforin laser ablation ex-
periment in high vacuum condition. The base pressure of
the chantber was 8 X 10 Torr. The laser ablation was done
by the tourth harmonic of Nd : YAG laser (266 nun, Quanta-
Ray GCR 130) with pulse duration of 3 ns operating at 10
l1z. Silicon targets with size of 10 mm X 10 min were used
as purchased without further treatment. In the optical time-
ol-Mght (OTOT) experinient, optical emission from laser-
generated plume was imaged onto the optical fiber by a
lens of 15 em local length (1=3.7) and sent o a mono-
chromator (SPTEX 500M) coupled to a photomultiplicr.

‘The optical fiber was mounted on a 3-dimensional trans-
lational stage together with a lens n order o scan the
plume region. The photomultiplier signal was averaged and
stored in an oscilloscope (300 Mllz, LeCrov 9361). Em-
Ission spectra were obtained with monochromator. where a
hoxcar averager (SR230) was used for signal processing.
The OTOF measurement swas done in high vacuum (2 x 10°
Torr during laser ablation) as well as in background gas
conditions.

The Nd : YAG laser beam was focused onto the target by
alens. The size of the Tocused laser beam was measured by
a single shot on a burn paper. The target was rotated by a
standard rotary motion teedthrough. To avoid the aging ct-
feet of the target by repetitive tradiation of high intensity
laser, targets were frequently replaced to ensure signal repro-
ducibility.

Results and Discussion

Optical emission studies on the laser-generated plume of
silicon target have been done both in Ar atmosphere and
high vacuum conditions. Tn high vacuum, the expansion ot
laser-generated plume 15 similar to the isentropic expansion
of molecular heam.” And the velocity distribution ot cach
alomic speeies could be deseribed by the theory of molee-
ular beams as shitted Maxwell-Boltzmann distribution:

Jv) e viexp| —mov-v) 2 KT (1)

where v 18 the stream, or center-ol-mass veloeity and 7' is
the effective temperature of the plume. Conversion of the
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Figure 1. The optical time-ol-ilight spectrum of Si | at 390.3
nm obtaimed at laser {luence ol 18 Jem' The solid line is the
shitted Maxwell-Boltzmann fit. The pressure was 2 x 10 Torr
and the distance between the target and probe was 8 mn.

velocity distribution inte a time distribution can be done by
using v z £ where z 1s the distance {rom the target 1o the de-
tector along the plume axis.” Such transformation results in
the following function, .Nf/) '
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Figure 1 shows the optical TOF spectrum of Si 1 at 390.5
nm in high vacuum. Solid line 15 the theorctical curve by
[iq. (2), which 15 in good agreement with the experimental
data.

Time-resolved emission intensities at atomie lines cor-
responding (o Si T (390.5 nm) and Si 1T (412.8 nm) at dil-
terent distances along the plume axis were measured by
moving the oplical liber and lens assembly. Most probable
velocities of cach species were inferred by plotting the dis-
tance versus delay time between the laser pulse and the em-
1ssion intensity maximum. The scattered laser photons off
the target delecled by monochromator/PMT via optical [iber
had certain delav time with the photodiode trigger signal ob-
tained m front of ithe laser. Therelore, the scatiered laser
light deteeted as deseribed was used as time =0 in the
measurement of the delav times of the emission maxima.
The mverse of the slope of the line 1s the most probable
veloeity of the speeies” as shown in Figure 2. Tn vacuum,
plume expands without anv disturbance or drag torces and
the velocitics of atomic speeics show no change as the
plume expands. Al argon pressure of 100 mTomr which is a
typical pressure of reactive laser ablation, however, sig-
nificant deercases of velocitics of both Si T and Si 1T were
observed at near 1.5 mm position. This seems (o be duce to
the change from free expansion to a collisien dominated re-
gime. " Tt was found that the shockswave, or ideal blast
wave model could be applied (o the expansion of the plume
at the given pressure. In this model, plasma expansion is
given by

z=aft—1)" (3)
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Figure 2. Time delay between the laser pulse and the emission
intensity maximum of 8t 1 (3905 nm) and Si 1l (412.8 nm) vs.
the probe position along the plume axis. The pressure was 2 X
107 Torr and the laser fluence was 12 J em’ Linear fillings are
shown in solid lines.

where zis the distance to the target, 7, is a zero-time cor-
rection factor considering the litetime of the excited species,
and a is a constant al a given pressure.”

Si 1l was faster than Si I both in vacuum and argon at-
mosphere. Due o the long-range Coulomb forces, 1oms
move faster than neutrals.” The Coulomb interaction of the
ions by electrons that nearly escape at the plume boundary
produces a space-charge ficld and the 1ons are aceclerated
according to their charge by the tield.

It 15 expected that the well-characterized silicon atomie
beams with high kinetic energies are generated by laser ab-
lation. The reactions between silicon beams with given
kinctie energics and pulsed jet of moleeular oxygen in high
vacuum will be studied o clucidate the mechamsm in-
volved in the formation of silicon oxides in the reactive las-
er ablation. Such investigations are o be casily expanded o
other reactive laser ablations conceming oxide superconduc-
tors and refractory nitride matenials in the future works.

Conclusion

Time-resolved analysis of the emission intensitics ob-
served at different distances trom the target gave dvnamic
mformation on atomic and 1onic species produced by laser
ablation. Plume expansion in high vacuum akin o the isen-
tropic molecular beam expansion was observed. At Ar pres-
sure of 100 mTorr. however, the expansion dvnamics is bet-
ter deseribed by the ideal blast wave (shockwave) model. Tt
was found that the shockwave model of laser ablation could
be applied even at low background pressures in the early
slage of laser ablation.
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There have been considerable mterests i amon-exchange-
able lavered compounds such as layered hvdroxy double
salts (HDSs) and lavered double hydroxides (ILDHs) duce to
thetr potential applications (o catalysts and jon exchangers.™
The [1DSs have a tvpical chemical compaosition of [(M”N7),
(OH).(A™),,] nH,O (M=N1, Co, 7n in octahcedral sites, N=
Cu, Zn m tetrahedral sites) where A 1s the exchangeable an-
ion such as Cl. NO, | ete™ In this structure of HDSs, one
quarter of octahedral sites in hydroxides laver planes are va-
cant at a maximum and divalent metal cations tetrahedrally
coordinated are stabilized just below and above the empty
oclahedral sites, which leads to the ereation of exceess po-
sitive laver charge, contrary to LDIIs where the surplus lay-
cr charge 1s formed by a partial substitution ol trivalent ca-
tions for hivalent ones in oclahedral sites. Overall charge
neutrality is kept on by the presence of exchangeable an-
ions which compensale positive laver charges in the in-
terlayer space. So the structural stability 15 mainly based
npen the electrostatic interaction between lavers and anions
as well as the hydrogen bonding network among interlayer
anions, water molecules, and intralaver hydroxyl greups. In
the present studv, efforts have been made to investigate the
mira- and mier-laver structures ol the N1, 7n, (OH),

(C11,CO0Y, - nl1 O svsten,” and to discuss the influence of

cleetrostatic interaction between host and guest on the struc-
ture. And at the same tme, a new roule to acelate in-
tercalated 11DSs has been proposed. since it 1s expected to
be a good precursor for topotactic amon exchange reaction.

Experimental

Two samples of Ni, Zn, (OID,(CILCOOY,, - nl1,0O could
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be obtained from nickel-zine mixed acetate solution by hy-
drothermal and copreeipitation routes. The concentration of
mickel acctate and zine one n the mixed solution was 0.06
M and 0.04 M, respectively, corresponding to x =0.25 in
N1, .Zn, (OH),(CH,CO0),,- nH,O. The mixed solution was
hvdrothermally treated at 150 °C for 48 hours under the
pressure of 30 atm (hereafter, 111). The resulting green pre-
cipitate was scparated by centnluging, washing with de-
carbonated water, and drving at room temperature. [n the
coprecipitation (hereatter. CP), this mixed solution and the
NH,OH solution (10 wt.%) were dropwiscly added to a
tlask containing 100 mL of decarbonated water at room tem-
perature. The addition rate ol the NH,OH solution was ad-

justed to keep pll of the reaction mixture at 9.5. The pll

value is included in the optimum svnthetic condition of ptl=
9-12 determined from logarithniie volubility isothernts as
shown in Figure 1.7 The volubilitv diagram is calculated
from the thermodynamie equilibrium constants of mickel
and zinc speeies In aqueous acetate solution listed in Table
1. In the pll condition with same solubilities of Ni¢QII),
and Zn(OH),. it is expected that the chemical composition
ol coprecipitate becomes homogencous and controllable.
Therefore, the optimum coprecipitation condition must be
determined 1n the pH domain where both solubilities are the
same approximately. In the whole experiments. nitrogen gas
was constantly purged into reaction selution to prevent from
carbonale contamnation. The copreeipitate was aged at 60
°C for 13 hours and separated by centrituging and washing
with decarbonated water. and then dried at room tem-
perature. The final products will be denoted heneelorth as
ITT(t) and CP(t) with air-drving times, t minutes, under re-
lative humidity of 60% at 25 "C. Their powder X-rav dit-
raction patterns were oblained by Phillips PW 3710 dit-
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