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Evidence for the physical basis and universality of the elimination of
particulates using dual-laser ablation. II. Dynamic time-resolved target
reflectivity of metals and film growth of Zn

Pritish Mukherjee,a) Shudong Chen,b) John B. Cuff, and Sarath Witanachchi
Department of Physics, Laboratory for Advanced Materials Science and Technology (LAMSAT), University
of South Florida, Tampa, Florida 33620

~Received 16 October 2000; accepted for publication 26 November 2001!

We have presented, in Part I of this series of two articles, the applicability of dynamic melt studies
of the surface of a target under pulsed CO2 laser radiation to determine the onset of melt in these
targets. Determination of this time and the accurate synchronization of an excimer~KrF! laser to
coincide with the onset of melt on the target surface was shown to lead to particulate-free film
deposition for Y2O3 and ZnO films. A key feature of the pump–probe reflectivity studies was the
dynamic enhancement of the reflected probe signal, indicating the onset of melt. Some metallic
targets, depending on the diameter of the precursor powder globules, such as the zinc target used in
this study, do not yield such observable enhancements. In this article~Part II! we present the
determination of the time for ablation of a variety of metallic targets under pulsed CO2 laser
radiation, by monitoring the dynamic target reflectivity. The melt time is either directly determined
or, in the absence of observable melt, estimated based on a simple thermal model for the absorption
of the laser radiation by the target. Correlation of the calculated melt times with the morphological
quality of particulate-free film growth of Zn is demonstrated. The effect of variable CO2 laser
fluence on the deposited films is also demonstrated. The universality of applicability of the target
reflectivity studies to a wide range of dissimilar materials, as well as the physical basis for the
removal of particulates in dual-laser ablation is established. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1435419#
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I. INTRODUCTION

The application of transient reflectivity measurements
low thermal conductivity sintered, pressed-powder targ
under pulsed CO2 laser irradiation has previously been us
to demonstrate the onset of melt in such samples during
laser pulse.1 In this work,1 a variety of probing configura
tions were shown to yield consistent results for the time a
energy of melt for Y2O3 and ZnO samples, dependent on t
fluence of the incident 150 ns CO2 laser pulse. It was furthe
demonstrated that in the growth of films of both the
samples under dual-laser ablation,1,2 essentially particulate
free films were obtained when the synchronization of the
ns KrF laser pulse was such that it spatially overlapped
the target, and arrived at the onset of CO2 laser-induced melt
predicted by the results of the transient reflectivity measu
ments. This provided direct evidence of the physical mec
nism responsible for the elimination of particulates in th
film growth process. It also established the validity of t
application of transient reflectivity measurements to de
mine the onset of melt in low thermal conductivity sample
Details of the general characteristics of the particulate pr
lem in thin film growth using laser ablation, previous wo
directed at elimination of these particulates and a resolu
of this problem using dual laser ablation have been discus
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in Part I. In this article~Part II! we present the results of th
application of dynamic transient reflectivity measurements
several thermally conductive metals, including Mg, Al, a
Zn. These experiments probe the universality of the conc
sions established in Part I regarding the physical basis
particulate-free film deposition in this system. They also e
tend the domain of transient target reflectivity measureme
for the determination of the time of phase transformations
a variety of materials.

The remainder of the article is organized as follows.
Sec. II we describe the dynamic target reflectivity stud
performed on Mg and Al and compare the general charac
istics of the observed onsets of melt in the two metals ba
on their thermal properties. This is followed in Sec. III wi
experiments performed on a Zn target. A modified transi
reflectivity technique and a model for the determination
the onset of melt, based on observation of the onset of a
tion in a sample, are presented. These results are verifie
the growth of Zn films. The article is concluded in Sec. IV

II. DYNAMIC TARGET REFLECTIVITY OF Mg AND Al

Three different transient reflectivity measurements w
introduced in Part I. Each of these techniques relied
changes in reflectivity of the specularly reflected laser pu
signal from a rough, sintered, pressed powder target un
CO2 laser pumping. In two of these techniques, a stro
high intensity CO2 laser pump beam was used to produce
phase transformation of the material, while a weak pro

il:

.

7 © 2002 American Institute of Physics
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beam that had been split from the pump beam was dete
by a HgCdTe detector to monitor the surface reflectiv
These included transient probe reflectivity in a stand
pump–probe technique with data averaging, and a pum
probe arrangement including a pulse monitor for single-s
detection. The third single-beam technique monitored
transient pump reflectivity. Since all these configuratio
were shown to provide consistent results for the onse
melt and ablation for Y2O3 and ZnO in Part I, the experi
ments for Mg and Al focused on using only the pump–pro
technique including data averaging.

As described in Part I, an orthogonally polarized stro
pump–weak probe combination was used to obtain the t
sient probe reflectivity with a high rejection of the scatter
pump. The specularly reflected probe pulses are detecte
a fast HgCdTe detector and averaged typically over 32 s
using a digital oscilloscope. By comparing the tempo
probe pulse profiles with and without the pump pulse be
incident on the sample, the change of target surface re
tivity can be obtained, and hence the time for the onse
melt and ablation. Representative data are shown in Fig
and 2 for packed powder targets of Mg and Al, respective

When the Mg target was exposed to the CO2 pump pulse
at a fluence of 1.45 J/cm2, an increase of the reflectivity ca
be observed@Fig. 1~a!#. No ablation due to the pump pulse
observed at this laser fluence. With a higher pump flue

FIG. 1. Transient probe reflectivity with and without the pump pulse fo
Mg target at a pump CO2 laser fluence of:~a! 1.45 J/cm2 and~b! 2.13 J/cm2,
using the pump–probe with data averaging technique.
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~2.13 J/cm2!, the surface reflectivity was observed to d
crease@Fig. 1~b!#. This suggests that an increase of pum
laser fluence from 1.45 to 2.13 J/cm2 will cause ablation
rather than just melting. The ablation of Mg occurred
early as 48 ns. Thus, 1.45 J/cm2 is a suitable CO2 laser flu-
ence for particulate-free thin film deposition of Mg usin
dual-laser ablation for two reasons. At this fluence, ablat
by the CO2 laser itself is avoided. Also, as shown in Fi
1~a!, the optimum time to introduce the KrF laser for du
laser ablated film growth of Mg can be anywhere between
and 150 ns after the onset of the CO2 laser pulse, thus pro
viding a long time window for interpulse synchronization. O
course, for maximum coupling of the remainder of the C2

laser pulse into the KrF laser-generated plasma, the 75
time delay is preferable.

The interaction of the CO2 laser with a packed powde
target of Al was studied using CO2 pump fluences ranging
from 0.32 to 3.14 J/cm2. Of the laser fluences studied, 2.1
J/cm2 is an appropriate laser fluence for Al thin film depos
tion. The measured surface reflectivity change is indicate
Fig. 2. The increase of surface reflectivity occurs 60 ns a
the onset of CO2 pulse, and drops back to normal at arou
150 ns, with no ablation by the CO2 laser pulse. As explained
earlier for Mg, the KrF laser can be coupled in at any tim
within this time window, but preferably closer to the 60 n
delay for optimum plume excitation and evaporation of su
micron particulates.

Following the results obtained in Part I for Y2O3 and
ZnO, Figs. 1 and 2 show a similar behavior for Mg and A
Therefore, particulate-free film growth under the conditio
discussed above should be possible. The reliability of t
diagnostic technique can also be verified by a simple co
parison between Mg and Al. The thermal conductivity of M
is about 1.5 W cm21 K21, which is lower than the corre
sponding value of 2.5 W cm21 K21 for Al.3 The heat capacity
of Mg is also lower than that of Al.4 Thus, the melting pro-
cess for Mg should take place more easily and earlier t
for Al. This prediction is verified by Figs. 1 and 2. The A
target melts with no ablation at 2.15 J/cm2. However, for the
case of Mg we observe ablation at the same fluence. Con
tent with the previous discussion, Mg exhibits melt at
lower fluence of 1.45 J/cm2.

FIG. 2. Transient probe reflectivity with and without the pump pulse for
Al target at a pump CO2 laser fluence of 2.15 J/cm2, using the pump–probe
with data averaging technique.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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1839J. Appl. Phys., Vol. 91, No. 4, 15 February 2002 Mukherjee et al.
III. DYNAMIC TARGET REFLECTIVITY AND FILM
GROWTH OF Zn

Experiments were performed using the pump–pro
technique for a pressed-powder target of Zn. However,
target showed no evidence of enhanced reflectivity co
sponding to melt over a large range of pump CO2 fluence.
We speculated that it might be the consequence of a v
early onset of melt at a time when the probe signal was
low to detect the enhancement. In an attempt to overco
this obstacle, we introduced a monitoring technique for lo
noise detection of transient reflectivity, by introducing
optical delay of the pump pulse with respect to the pro
pulse. The basic idea was to allow the probe intensity
build up prior to incidence of the strong pump pulse on
Zn target. This technique is presented in Sec. III A and th
the data are used to obtain the melt times in Sec. III B.

A. Transient single shot reflectivity with beam delay

This technique makes use of the single-shot pum
probe configuration described in Part I. The difference w
the standard pump–probe technique was the addition of
other detector to monitor the laser pulse shape directly
that the scattered probe pulse could be compared to the
tual laser pulse directly for each individual laser shot.
addition a 37 ns delay for the pump pulse, corresponding
an increased path length of about 11.4 m relative to
probe, was introduced. The entire setup is shown in Fig
The probe pulse arrived first at the target and was dete
by a HgCdTe detector. The pump pulse reached the targe
ns later. The 37 ns delay of the pump pulse was introduce
avoid using the early part of the probe pulse where the sig
is lower and therefore the relative reflectivity measureme
are prone to noise.

FIG. 3. The experimental setup for transient single-shot reflectivity incl
ing a pump beam delay.
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Pressed-powder targets of Zn were prepared star
from 7 mm diam zinc globules obtained from Johnson Ma
they. Interaction of the CO2 laser with the Zn target was
studied by using the method of single-shot comparison w
pump delay. The basic aim was to determine the time for
onset of melt of the Zn target to enhance the deposition
particle-free Zn films. Experiments were carried out
vacuum to acquire data on Zn that is close to the deposi
conditions. CO2 laser fluences from 1.26 to 13.10 J/cm2 were
used in the experiments. Plume cutoff was detected wit
the range of CO2 laser fluences from 5.85 to 13.10 J/cm2

~Fig. 4!.
Despite the introduction of pump delay and evidence

plume emission by probe pulse truncation, an interesting
servation in Fig. 4 is the absence of any increased reflecti
due to the onset of melt, unlike the cases for Mg and
targets discussed earlier. An explanation for this lies in
ingredients used to prepare the packed powder target
these three cases. The starting granular particle sizes fo
Mg and Al powders were 70mm while that for Zn was 7mm.
This results in a greater compaction and reduced sur
roughness for the Zn target in comparison with those for
and Al. In particular, for the CO2 laser wavelength of 10.6
mm, the Zn target is inherently much more reflective. The
fore, upon the onset of melt the relative change in spec
reflectivity is negligible compared to the rougher Mg and
targets, and is thus not observed.

B. A model to find the onset of melt

Thermodynamic models have been used to predict
ablation thresholds of metal~Ni and Au! films based on their
optical properties, evaporation enthalpies, and ther
diffusivities.5 Laser energy absorption leading to heat tra
fer and considerations relevant to melt modeling for la
ablation have been discussed.6 Since we do not directly ob-
serve the melting of Zn, a simple model was used to de
mine the time for the onset of melt from the observed tim
for ablation. In Fig. 4, the area under the recorded inten
profile of the pump pulse is directly proportional to the e
ergy of the pulse. If we assume that the material will unde
a sequence of heating and phase transformation to the m
state, followed by a transformation to the vapor phase
ablation; the proportion of the energyE8 used to melt the
material, to the energy used to ablate it, can be written a

a5
E8

E81E91m8Lv
, ~1!

or

a5
m*T0

TmCp dT1mLf

~m*T0

TmCp dT1mLf !1m*Tm

T0 Cp dT1m8Lv
,

~2!

a5
*T0

TmCp dT1L f

*T0

TmCp dT1L f1*Tm

Tb Cp dT1bLv
,

wherem is the total mass of the material affected by the C2

laser pulse,m8 is the mass of the vaporized material,b is the
ratio of m8 to m, Cp is the specific heat of the material und

-
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constant pressure,T0 is room temperature,Tm is the melting
point of the material,Tb is the boiling point of the material
E9 is the energy required to transform the liquid from t
melting to the boiling point,L f is the latent heat of fusion
andLv is the latent heat of vaporization.

According to the ratio in Eq.~1!, the area under the
pump pulse can be partitioned into three parts, which
shown in Fig. 5~for illustration only!. The first section (E8)

FIG. 4. Time-resolved probe reflectivity for a Zn target in vacuum using
single-shot probing technique including a beam delay. Results are show
pump CO2 laser fluences of:~a! 5.85 J/cm2, ~b! 8.57 J/cm2, and ~c! 13.10
J/cm2. Each trace includes the pump pulse as well as the probe pulse,
and without the pumping of the target.
Downloaded 19 Jan 2006 to 131.247.22.209. Redistribution subject to AI
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represents the energy it takes to melt the material, the sec
section (E91m8Lv) is the energy used to raise the tempe
ture of the molten zone to its boiling point and vaporize
while the third section is the laser energy that may be
sorbed by the ablated plume. The area in each section ca
integrated to get the corresponding energy for that portion
the laser–target interaction.

In order to determine the time for the onset of melt bas
on the time of ablation, it is necessary to determine the
rameterb, which is m8/m. Two physical quantities deter
mine the value ofb. The first is the optical penetration dep
~also called skin depth! given by

d5
1

4p
Acl0

ms
, ~3!

wherec is the speed of light,l0 is the wavelength,m is the
permeability, ands the electrical conductivity. The secon
quantity is the thermal diffusion length

l d5
KDTtm

F
, ~4!

whereK is the thermal conductivity,DT is the temperature
gradient,tm is the time for which the material receives e
ergy from the laser pulse until it starts to vaporize, andF is
the laser fluence.

For Zn, the CO2 laser penetration depth is 11 nm. Th
diffusion length, according to Eq.~4!, is from 29 to 127 nm
depending on different laser fluences, and is therefore m
larger than the skin depth. When the target is exposed to
laser pulse, the surface material within the skin depth will
heated. At the same time, the laser energy will diffuse dee
into the bulk of the material, thereby creating a temperat
gradient from a high surface temperature to room tempe
ture within the bulk of the material. By the time the surfa
starts to vaporize, the ratio of the vaporized material to
total mass of the heated material can be approximated
d/ l d , which is the value forb.

The a in Eq. ~2! can be calculated ifb is known. The
heat capacitance of zinc as a function of temperature is g
by7

e
at

ith

FIG. 5. A representation of the partitioning of the pump pulse based on
ratio of energy required to melt and vaporize the target, respectively.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Cp55.09912.78431023T10.12631025T22. ~5!

The melting pointTm for Zn is 692.73 K, the boiling point is
1180 K, the latent heat of fusionL f is 1.750 K cal/mole, and
the latent heat of vaporization is 27.565 K cal/mole. Fro
Eq. ~2!, a can be calculated to be 0.413, 0.345, and 0.234
the experimental laser fluences of 5.85, 8.57, and 13
J/cm2, respectively.

The energy needed to ablate the target at different C2

laser fluences is shown in Fig. 6~a!. These energies wer
obtained by integrating the areas of the corresponding t
poral profiles of the pump pulse up to the onset of ablation
Fig. 4. The energies are measured in arbitrary units as
need only the relative energies in each case for compara
studies. Also, the determination of the melt time requi
relative values ofE8 and E91m8Lv , for Eq. ~1!, asa is a
ratio. The calculated values ofa are used, in conjunction
with the total energy to ablate Zn to determine the relat
energy required to melt the Zn target as a function of la
fluence. This is also shown in Fig. 6~a!.

Knowing the energy required to melt Zn for each las
fluence, the temporal profile of the pump pulse could be u
from Fig. 4 to determine the time for onset of melt at ea
laser fluence. The calculated melting times are 46, 39, an
ns for incident CO2 laser fluences of 5.85, 8.57, and 13.

FIG. 6. ~a! Normalized energy and~b! calculated time required to melt an
ablate the Zn target for various CO2 laser fluences.
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J/cm2, respectively. The variation of the time of melting an
ablation with laser fluences is shown in Fig. 6~b!.

Although simplifying the dynamics of the problem
greatly, this simple model permits the calculation of m
times even when melt is not detectable. As long as abla
of the material is observable, and the laser fluence and t
mal and optical parameters for the material are known,
melt time can be calculated.

It is evident from Fig. 6~a! that less energy is needed
ablate the target at higher CO2 laser fluences. This may b
explained on the basis of the high thermal conductivity
Zn. At the higher laser fluences, the rate of energy tran
from the laser to the target competes favorably with the l
of energy into the bulk due to diffusion. Therefore, at hi
fluences even a lower incident energy is more efficiently u
lized in heating, melting, and subsequently ablating the
get. The lower fluence counterparts suffer significant loss
to thermal diffusion and are relatively inefficient. This
consistent with the dissimilar results obtained in Part I of t
series of articles, for similar studies done on ZnO.1 There,
the energy needed for melting ZnO at different CO2 laser
fluences was observed to be constant. In addition, a cons
requirement of laser energy to cause ZnO to ablate
observed.1 The explanation of this effect lies in the relative
poor thermal conductivity of ZnO. Its thermal conductivity
0.29 W/cm K, which is 1 order of magnitude less than that
Zn.3,4

If we apply the model developed in this section to t
case of ZnO,E9 in Eq. ~1! should be zero since ZnO sub
limes, and the latent heat of vaporizationLv does not exist.
The parametera in Eq. ~1! is always equal to 1, and a the
oretical calculation of the melt time is not necessary in t
case. Actually, the melt time and the ablation time for a s
limating material are essentially the same. The difference
the observed times for melting and ablation for ZnO in P
I is explained on the basis of the finite propagation veloc
of the molten layer on the ZnO surface~Sec. IV of Part I!.

C. Particulate-free film growth of Zn

In this subsection we present the results of film depo
tion of Zn under dual-laser ablation using those CO2 laser
fluences consistent with the target reflectivity studies d
cussed in Sec. III B. Both the effects of CO2 fluence and
interpulse timing are addressed.

Once it became possible to determine the onset of
melt for Zn at different laser fluences on the basis of
transient reflectivity and the model calculations, a series
films were made. The different films were made on the lo
jitter dual-laser ablation system, which has been discus
earlier. In our experiments, the KrF laser fluence was
justed to 2.2 J/cm2 which ensured that it was above the a
lation threshold for Zn. The KrF laser spot size on the tar
was 9 mm2 and spatially overlapped the CO2 laser spot for
the dual-laser ablated deposition. The films were depos
on room temperature Si substrates. Using CO2 fluences of
5.85, 8.57, and 13.10 J/cm2, the excimer laser pulses wer
temporally aligned with their respective calculated m
times. The results can be seen in Fig. 7. The scanning e
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 7. SEM images of Zn films deposited with:~a! single laser ablation, and dual laser ablation at CO2 laser fluences of~b! 13.10 J/cm2, ~c! 8.57 J/cm2, and
~d! 5.85 J/cm2.
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tron micrographs~SEMs! of the resulting films show a re
duction in the size of particulates as the CO2 fluence is re-
duced. If the fluence is too high, the CO2 laser ablates the
material along with the excimer laser. The number of la
particulates has increased from Fig. 7~a! which is the single
KrF laser ablation case, to the 13.1 J/cm2 CO2 fluence dual-
laser ablation case shown in Fig. 7~b!. There is also an in-
crease in the number and size of both the micron and s
micron particulates, which is expected with a laser-abla
film using a CO2 laser.8 As the CO2 fluence is reduced, the
size and density of the particulates drops@Fig. 7~c!#, until
Downloaded 19 Jan 2006 to 131.247.22.209. Redistribution subject to AI
e

b-
d

there are substantially few visible particulates at a CO2 flu-
ence of 5.85 J/cm2 under dual laser ablation@Fig. 7~d!#.

In all of these films, the impact of the particulates clea
causes the formation of craters on the surface of the film.
lateral size and depth of the craters depend on the size o
deposited particulates. At the higher CO2 laser fluences, al-
though the particulate size and densities are larger, the b
ground film is relatively smooth. As the CO2 laser fluence is
reduced, there is an increase in the overall surface rough
of the deposited films. This is due to the craters formed b
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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higher density of submicron droplets at the lower CO2 laser
fluences. It is noteworthy that even though the CO2 laser was
adjusted to coincide with the onset of melt in each of
three dual-laser ablated Zn films, particulate-free films w
not obtained at the higher CO2 fluences. This emphasize
that even in dual-laser ablation the KrF ablated plume from
suitably molten target can be ineffective in screening
target from a high fluence CO2 laser pulse. Therefore, bot
the timing and the CO2 laser fluence play an important ro
in this particulate removal process.

At the high CO2 laser fluences, the deposited particula
are dominated by large~greater than 1mm! localized drop-
lets. With a decrease in CO2 laser fluence, there is a corre
sponding decrease in the size of these ‘‘large’’ droplets,
sulting in a fluence regime in which they are disintegra
into finer droplets of larger number density. These drop
~;10–100 nm in size! create submicron craters over a pr
portionately larger film surface area, resulting in increas
surface roughness. Reduction of the CO2 laser fluence below
5.85 J/cm2 for the deposition of Zn films should lead to bo
particulate removal and retention of surface smoothnes
the films.

To demonstrate the importance of the interpulse de
and fluence, a series of films were deposited with a CO2 laser
fluence of 4.5 J/cm2 and different interpulse delays~Fig. 8!.
It can be seen in Fig. 8~a! that when the excimer laser arrive
before the CO2 laser, there are a large number of particula
and they vary in size. Both surface roughness and particu
count are increased. A fairly high density of supermicro
sized particulates is observed, consistent with excimer a
tion without premelting by the CO2 laser. In the deposition o
this film, both lasers ablated the target and the subseq
coupling of the CO2 laser pulse into the plasma generated
the excimer pulse was inefficient in reducing the size of
large particulates. The CO2 laser does cause an increase
the plasma temperature leading to ‘‘splashes’’ of large mo
particulates impinging on the substrate. Figure 8~c! shows a
film with lower particulate density, but there are still a num
ber of micron-sized particulates. In this case, the CO2 laser
ablated the target, followed by the excimer laser. There
some coupling between the two laser pulses which redu
the number of submicron particulates from that observed
Fig. 8~a! to the case in Fig. 8~c!. Also, the KrF laser does
ablate from a molten target. However, the trailing edge of
CO2 laser pulse~subsequent to KrF laser ablation! is ineffec-
tive in causing a substantial impact on the plasma temp
ture. This is consistent with no molten ‘‘splashes’’ being o
served.

Clearly, the best film was obtained in Fig. 8~b! in which
the particulates are absent. It is also noteworthy that at
reduced CO2 laser fluence, the surface of the film is smoo
without the adverse effects of the minicraters observed
Fig. 7~d!. The interpulse delay of 50–55 ns@in Fig. 8~b!# is
consistent with the time expected for the onset of melt in
at a CO2 laser fluence of 4.5 J/cm2. This is based on extrapo
lating the calculated values based on the pump–probe
periments discussed in Secs. III A and III B@see, in particu-
lar, Fig. 6~b!#.
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IV. DISCUSSION AND CONCLUSIONS

In this paper, Part II, the transient target surface ph
transformations under CO2 laser irradiation including both
melting and vaporization, have been observed for Mg and
These results made it possible to predict both the suita
CO2 laser fluence and the interpulse delays in dual la
ablation that will result in particulate-free films of these m
tallic targets. Experiments to verify these specific predictio
are currently in progress.

A new technique of single-shot transient reflectivi
measurements incorporating a beam delay was introduce
a low-noise version of the single-shot configuration d
cussed in Part I.1 This article also presented a simple therm

FIG. 8. SEM images of Zn films deposited using dual laser ablation a
CO2 laser fluence of 4.5 J/cm2, for a variety of corresponding interpuls
delays that are represented in the figure. The time delay for the KrF las
~b! is 50–55 ns after the onset of the CO2 laser pulse.
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model that was able to predict the onset of melt in a targe
Zn for which the transient reflectivity was not able to dete
the characteristic enhancement. The success of our appr
in coupling the new probing technique~to determine the time
of ablation of Zn! with a calculation of the time for the onse
of melt by using the thermal model, was demonstrated by
deposition of particulate-free Zn films at the predicted int
pulse delay. The critical role played by both the CO2 laser
fluence and the interpulse delay provided further direct e
dence for our physical understanding of the particulate
moval process in dual-laser ablation.

Most significantly, this series of two articles establish
directly both the physical basis and the technical appro
using transient reflectivity measurements. This makes p
sible the universal deposition of particulate-free films of
sulators and metals from packed-powder targets, reliably
reproducibly, by using suitably optimized dual laser ablati
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