JOURNAL OF APPLIED PHYSICS VOLUME 92, NUMBER 5 1 SEPTEMBER 2002
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Understanding and fully characterizing highly dynamic and rapidly streaming laser ablation plasmas
requires multiple techniques for monitoring effects at different stages. By combining multiple
diagnostic methods, it is possible to analyze the broad time window over which these ablation
plasmas develop and to learn more about the related physical processes that occur. Two laser
sources, an 80 fs Ti:Sapphire lag@B0 nm and a 6 ndNd:YAG laser(1.06 um), are used in this

work in order to compare pulse duration effects at similar wavelengths. Characteristics of the plasma
produced by these two lasers are compared under conditions of comparable ablation flux. Results
are presented involving correlation of time-resolved Langmuir probe data and electrostatic energy
analysis for aluminum plasmas as a representative investigation for metallic systems. In addition,
continuous-wave refractive index laser beam deflection is used to characterize the plasma and hot
gas generated from boron nitride targets in terms of their ion and neutral atom densities. A
self-similarity plasma expansion model is used to analyze the plumes under various conditions.
Fundamental data obtained in this way can be relevant to laser micro-machining, laser induced
breakdown spectroscopy, and pulsed laser deposition20@2 American Institute of Physics.
[DOI: 10.1063/1.1497449

I. INTRODUCTION These fluence adjustments are, in and of themselves, inter-

esting diagnostics in terms of how the two different laser
This paper examines the fundamental physical propertiepulses interact with the ablation target.

of ablation plasmas generated by ultrafast and conventional

nanosecond I-asers havmg co-mparable wayelengths bu.t 5 - EXPERIMENTAL SETUP

ders of magnitude difference in pulse duration. Comparisons

are made for 100 femtosecorits) and 6 nanoseconths) The experiments were carried out in a stainless steel

pulsed-laser-plasmas formed with near-infrared laser irradiadltrahigh-vacuum  chamber, VYBiCh s turbo-molecular

tion. Several diagnostic techniques are used in this study tBUmped. A base pressure ok30 ~ Torr was reached with

give a whole picture of the plasma development in terms ofth internal liquid nitrogen cryotrap in place. Background gas
can be introduced, if needed, into the chamber through a

time and space. These methods, all of which are time re=""" - . .
: . . recision metal leak-valve. The ablation-target manipulator
solved, include Langmuir probe, electrostatic ion energ)})

vsi d " | b deflecti holds four 1 in. targets with full individual rotation and se-
analysis, and continuous wavew) laser beam deflection. lective clocking motion. Rotation and rastering allow for uni-

Each technique investigates a different part or a d|fferenf0rm removal of target material with successive laser shots.

stage of the laser produced plasma. Irradiation intensities fQ[angmuir probe, optical emission spectrometer, electrostatic
the two laser ablation sources were chosen at the minimurBnergy analyzer, and HeNe deflection probe are attached to
level needed to give comparable signal intensity for eachhe chamber as depicted in Fig. 1. Optical emission data will
diagnostic being used. This form of comparison is necessamot be presented here but will be part of a different report.
since the fs pulses have a significantly lower plasma breakfhe temporal and spatial development of laser-produced
down threshold fluence, compared to ns pulssthe near plasmas and their composition are studied, in the present
IR wavelengths being usgdesulting in their ability to gen- Work, by a combination of these techniques. Typical error
erate, in most cases, appreciable plasma intensity at compBars for the various data sets are shown in the appropriate
rably lower fluence levels. Comparing ns and fs plasmas dfat@ presentation figures.

the same energy fluence would give misleading correlations The ultrafast laser used in this work is a 10 Hz, Ti:Sap-

due to the significant plasma threshold differences betweeﬁh're’ chirped-pulse amplified system producing pulses with

them. In the case of the cw laser beam deflection, Iarge(?nergy up to 60 mJ, and with pulse width of 60 to 150 fs at

. a wavelength of 780 nm is-polarization. Data from this
fluences are needed for the ultrafast pulses in order to 9eisser is compared to results from a commercial Nd:YAG la-

erate comparable neutral fractions in the ablation plumegg, \with a pulse width of 6 ns and a comparable wavelength
of 1.06 um. The energy of the fs laser output can be adjusted

dElectronic mail: zhiyuz@umich.edu using a polarizer positioned before the compressor gratings.
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I analyzer selects ions with a particular energy-to-charge ratio

IEa“bgm“if OES (E/q). Particles with the samE/q but different charge will
_— A have different velocities and will arrive at the analyzer MCP
Elecrastane at different times. Coupled with time-of-flight analysis and

Anal . )
e with a scanning voltage on the sector plates, the energy ana-

lyzer can map out the entire energy, charge-state, and ionic
mass distribution of the ablation plume. The output signal
from the MCP can be converted to ion current density for
L each charge state if the efficiency of the MCP is taken into
account. lon current density divided by the ion velocities
obtained from the kinetic energy gives the ion volume den-
Bl sity. After adding the ion vqlume density for different charg(_a
® — states together, a comparison can be made of the total ion
density at the MCP detector to the ion density given by the
FIG. 1. Apparatus for laser produced plasma diagnostics including LangLangmuir probe.
muir pr_obe, optical emission spectrometer, electrostatic analyzer, and HeNe Knowing properties of the neutral component in a laser-
deflection probe. - - .
generated plume is an important part of characterizing the
ablation process. The ion and electron diagnostic methods

A 75 cm focal length lens was placed on a translation stagdiScussed above are unable to study the medium and low
to allow variation of the laser spot size at the target. Bothenergy(l eV<E<100 eV) neutral component in a direct

laser beams were focused, with this lens, on the target at d@shion. To accomplish this, a stabilized HeNe laser beam is
angle of 45° relative to the target normal. used as a transverse probe of the plume. In general, the neu-

In the present work, a classical electrically scanned'@ component of the plume has an order of magnitude

Langmuir probe is used to study plasma characteristicsS/OWer mean velocity than the plasma component. These
Simple, nonvoltage scanned, time-of-flight ion probes havdemporally separated ionic and neutral components in the

been widely used to study laser-ablation plumes. These usi/Ume deflect the probe beam in opposite directions due to
ally consist of a wire extending into the plasma with plasmatheir radically different refractive indicésThe deflection is

current read out to an oscilloscope. Such probes are oftefiftected and recorded by a segmented fast photo detector.

biased at a negative voltage and used to collect the ion time.N€ nNumber of ion and neutral atoms in the plume can then

of-flight signal from an ablation plume. However, a recentbe_ extracted. from the def_lection data. Further discussion of
study' showed that this method might not accurately detectlis method is presented in Sec. Il D below.
the correct ionic component in the plume because of second-
ary electron generation dominating the ion probe signal. Inj|. RESULTS AND DISCUSSION
the present work, the probe is scanned in negative and po
tive voltage with the current—voltage response properties b
ing used to obtain detailed information about the plasma. The time resolved Langmuir probe tip was placed, on
Extensive probe theoriéshave been developed to extract axis, either at 5 or 10 cm away from the ablation target
electron temperatur&,, electron and ion densitfN, and  surface, with a typical growth substrate holder in its normal
N;), plasma potentiaV/,,, and plasma floating potentia; position (near 10 cm and grounded. This provides two
from suchl-V curves. The Langmuir probe we uSedas grounded surfaces between which the plasma travels. The
installed on the chamber through a bellows adapter, whiclprobe obtains an experimentbtV curve in a 1us time
provides the ability to spatially locate the probe and therebynterval. Similar curves are sample-averaged over multiple
achieve both spatiaB mm) and temporall us) resolution laser shots. Analysis of the sample-averaged curve provides
of the plasma parameters. The timing of probe data acquiselectron and ion densities and electron temperature as a stan-
tion is controlled using a programmable delay/pulse generadard output of the data. Other parameters of the plasma are
tor triggered by the laser signal, so that temporally resolvedeadily calculated from thege.
plume diagnostics can be achieved. In order to increase the In Figs. 4a) and Zb) are presented time-resolved data
signal-to-noise level, each data point was averaged over 2fdbom the probe for 100 fs and 6 ns ablation plasmas from an
laser shots. The probe is typically biased frerh5to+20V Al target. Some interesting comparisons can be made be-
over a lus time interval. tween these two experimental conditions. There are both dif-
A spherical-sector, electrostatic energy analyzer is conferences and similarities between the two cases. It is seen
nected to the main chamber to provide a detailed study of théhat for the conditions of the observations, the ion and elec-
ion and neutral species in the ablation plume. Two micro4ron densities are similar for both ns and fs pulses. These
channel plat MCP) detectors are mounted on the energylevels are a consequence of the laser fluences chosen for the
analyzer, one on the curved sector for comprehensivexperiment. In both cases, the measured ion densities are
charged particle analysis, and the other on the straightseen to be slightly larger than the electron densities. This
through port for high-energy neutrél100 e\) or total (in-  may be an artifact due to secondary electron emission during
cluding low energyion count. The distance from target sur- the ion portion of the measuring cycle or inadequate ground
face to the energy-analyzing detector is 110 cm. The energpath for the plasma current. The latter is not thought to be the

Stabilized HeNg Trigger

Ablation

Detector

SJ- .
EA. Langmuir Probe Results
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FIG. 3. Electron and ion density of ablation plumes produced by 100 fs, 780
FIG. 2. lon density, electron density, and electron temperature of an Ahm laser pulses with fluence of 0.4 Jfcrand 1 J/crh respectively. The
ablation plume produced bgg) 100 fs, 780 nm laser pulses with energy probe is placed at 10 cm away from an Al target surface.
fluence of 0.4 J/chand(b) 6 ns, 1.06um laser pulses with energy fluence
of 1.3 J/cmd. The probe was placed at 10 cm away from the Al target

surface. fs pulses as a function of laser intensity and distance from an

aluminum ablation target. It is observed in Fig. 3, where both
case since the grounded substrate holder is immediately a#h and electron densities are presented as a function of delay
jacent to the probe. On the other hand, it might indeed be Hme, that an interesting nonlinear behavior exists between
legitimate imbalance betwees; and N, where the stream- these densities and the laser ablation fluence. These data are
ing plasma is only quasineutral. In laser-induced plasma forfor 100 fs pulses at 780 nm. Increasing the laser fluence by a
mation, the electrons absorb the laser energy first and begfctor of 2.5(from 0.4 to 1.0 J/crf) results in an increase of
to expand ahead of the ions. The space-charge effects froffi€ ion and electron densities near a simulated deposition
this separation could induce consequensesh as return of Substrate by factors of 10 or more depending on time. Nor-
electrons to the laser targehat result in the observed charge Mally growth rates increase either linearly or sublinearly
imbalance seen in Figs(@ and Zb). The launching of hot with laser fluence. This suggests that the ion densities in-
electrons ahead of the main body of the plume is clearly seefréase, in the present case, at the expense of excited and/or
in the temporal dependence of the electron temperature f@round state neutral atoms in the plume. Controlling the con-
both fs and ns cases as shown in the figure_ For the ns Caééntration of iOﬂS, and their kinetic enel’gies, in relation to
the high-temperature electrons mix into the first 15%—209¢he neutral atoms in the plume could be an important param-
of the main body of the plume. It is observed however thagter for certain types of applications such as film growth.
the leading edge of the fs plume has a much thinner hot- Figure 4 illustrates how the 0.4 J/émlasma changes its
electron section than the ns case. In addition, the electrol@nic density in the region between S and 10 cm. At 5 cm, the
temperature(right side of Fig. 2 in the ns case remains high-velocity ionic component of the plume is seen to be
about a factor of 2 higher across the entire plume compared
to the fs case. It is probable that these results are a conse-

quence of the additional plasma heating that occurs for the 6~ 45" ] o—O—0 —e— 10cm

ns pulse. The difference here is related to the fact that fs ] 9//"'\. —0— 5cm

plasmas can form due to electric field excitation of the &~ 101°15 o.//

plasma at the surfacénstead of direct bulk heating, which & 109: J

predominates under ns irradiatibmn addition, plasma heat- 2 ;

ing during expansion occurs due to the longer time duration 103«; *

of the ns pulse. In the fs case, the hot electrons are only ] 0 25 30

associated with the very highest energy ions in the plume,  10%4 —=—10cm

they being a factor of approximately 50 to 100 less in con-  ~q10" ][} e —0C— 5Scm

centration compared to ions in the main body of the plasma 510“’3 i/ T~ - Model

plume. z 109-; { I;"Decreasing velocity e e

B. lon—electron plasmas 105;)’{ . A N A
In this section, we examine correlated information ob- Time Delay (us)

tained from ion and electron densities and electron tempera-

. - IG. 4. Electron and ion density of ablation plumes produced by 100 fs, 780
tures as they are obtained from the Langmuir prObe as %m laser pulses with a fluence of 0.4 Jfcifihe probe is placed at 5 and 10

function of Ias.er fluence. In. Figs. 3 and 4 are Shown ion- an@m away from an Al target surface respectively. The results of a self-similar
electron-density data obtained with the Langmuir probe fokexpansion model for the ions are also shown.
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significantly higher than and out of balance with the electrorEq. (2) is given in terms of the distance and time. The quan-
densities, the difference being more than one order of magity | is normally given asyt, wherev is a characteristic
nitude. However, by the time the plume reaches 10 cm itgroup expansion velocity for the Gaussian profile as a whole.
ionic concentration has diminished by more than a factor ofn the simplest case, is a constant. Our results for the ionic
20. At this point, the ionic component is close to being incomponent at the 5 cm position in Fig. 4 are reasonably
balance with the electron densities, whose volume concerconsistent with this and yield a, value of (1.42-0.43)
tration has decreased by only a factor of 4 in the final 5 cmx 10° cm/s over the 1Qus time interval measured. The re-
distance. The process by which this occurs is related in somsults of fitting Eq.(2) using this value fov, are shown in the
way to the expansion physics of the ionic component and it§igure. If the same constant expansion velocity is used for the
achieving quasineutrality over that final 5 cm to the sub-10 cm case, it is seen that the model predicts a higher ionic
strate. Balancing of space charge in the plasma, across thdénsity than is observed experimentally. We find that, in or-
final distance to the substrate, is more likely a consequenceer to fit the model to the 10 cm case, it is necessary to use
of the ionic component of the plasma enlarging its occupiedh v, that is a decreasing function of time and takes on the
volume to more nearly match the electronic spatial distribuempirical form ofv,=a exgb/(t+c)], wherea=2.83x 10*
tion in the intervening space. For simple hemispherical radiatm/s,b=51.38, andc=9.97, andt is in units of microsec-
expansion, the detected volume concentration of ions, basethds. Using this time dependent function fog in the |
on detector solid angle considerations, should decrease ap-vyt form provides a fit to our observed 10 cm data as seen
proximately as 1?, whereR is the distance from the abla- in Fig. 4. Using this fitting equation, the expansion velocity
tion source. Examination of the change in ion densities irat 3us is 1.48 10° cm/s, whereas it is 2.2410° cm/s at 15
Fig. 4 shows that the high-velocity component decreasess. The fact thav is constant at 5 cm and a rather strong
somewhat more rapidly than predicted by &4/depen- decreasing function of time at 10 cm suggests that a signifi-
dence. The distance changes by a factor of 2, whereas the i@antly different physical condition for the plasma occurs be-
concentrations change by more than an order of magnitudéween 5 and 10 cm. The implication is that over the inter-
This concentration change should be a factor of 4 if geomvening distance the plasma has given up internal energy that
etry were the only consideration. These observations suggeist no longer available for driving the adiabatic expansion
that more than simple radial expansion of the ionic compoprocess described by the self-similar solution. This loss of
nent of the plume is occurring over distances involved in Fig.internal energy can be from radiation or some other form of
4. If one examines the change in electron densities across tlemergy dissipation unique to the electrodynamic expansion of
intervening distance, it is seen that they drop less rapidlfhe plasma. This result suggests that the distance from an
than expected from geometric considerations alone, thus fugblating target to a growing substrate is an important param-
ther confirming the difference in expansion behavior be-eter when growing thin films by such ultrafast pulsed-laser
tween the ions and electrons. deposition.

Use of a self-similarity model can provide more detailed
analysis of expansion for the hydrodynamic component of a
laser-produced plasma. The concept of self-similar solution§. lon energy analysis
for gas dynamics problems is described in detail by
Zel'dovich and Raizef.A general derivation, from hydrody- dev

namic equations, is given by Hdrahowing how a self- gyl jonic charge states within the ablation plasma. It very
similar expansion for a laser plasma evolves from a flat Surgjearly demonstrates that there are two distinct ion popula-
face. For such a case, the model provides velocity an@ons in the plasma plumes. These can be distinguished as a
density distributions given as hydrodynamic component and an accelerated component.
v(r,t)=v(t)(r/R). (1)  The accelerated ions come from a combination of ambipolar
field effectst® Coulomb explosion, and nonlinear pondermo-
In Eq. (1) the individual ion velocity profile in the plasma is tive forces' The hydrodynamic component is similar for
a linearly increasing function of distance from the surface, poth the ns and fs laser pulsed plasmas. However, the accel-
out to some maximum valuB. The density distribution is  erated component is always more pronounced for the fs case.
given as Indications of these effects are visible in the data of Figs. 5
_ 3123 2712 and 6 where ion signals are shown at the analyzer in terms of
Mi(r,0) = (o /m=A)exp(— /1%, @ ion energy densitygfunctions. The hydrodynan{ic component
where ng is the total number of ions in the plasma. This of the plasma is observed in an energy region on the order of
distribution has a characteristic Gaussian form that is paranor less than 100 eV, whereas the accelerated component ex-
etrized by the quantitl; which is considered to be a function tends to energies above that range. It is seen in Fa).tbat
of time only. In the case of expansion from a flat surface thehe vacuum ion signal from 6 ns pulses consists predomi-
equations can be further generalized into coordinates of exaantly of low energy ions in the hydrodynamic range. Charge
pansion normal to the surface and at right angles 1®itch  states 1 and 2 are observed. This is to be compared to Fig.
details are addressed in Sec. Il D where hydrodynamic ex5(b) in which 80 fs ion yields are shown. In this case, charge
pansion is given further consideration. For the purposes oftates 1, 2, and 3 are present in the form of a high-energy
this section Eqs(1) and(2) are sufficient. Considering te  component in addition to the low-energy, charge-state 1 com-
component of the expansignormal to the ablating surfage ponent. In Fig. 6 are seen the effects of 0.8 mTorr back-

The spherical-sector ion energy analyzer is a sensitive
ice that can measure the energy distributions of indi-
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on Energy (ke

probe and ion-energy analyzer for 100 fs, 780 nm, 0.4 3laser pulses are
used in both cases. The data for the probe and analyzer are plotted on
different vertical axes. The probe is located at 10 cm, the analyzer at 110
cm.

FIG. 5. lon-energy spectrum for Al ablation in vacuum @y 6 ns laser
pulses at 1.06 8m with energy fluence of 1.3 J/émand (b) 100 fs laser
pulses at 780 nm with an energy fluence of 0.4 J/cNote the change in
scale on vertical axis for the two conditions.

conditions are often used for growing multi-component films
by the pulsed laser depositigRLD) method.
ground gas being introduced into the chamber with no gas |nteresting correlations can be made for the ion-energy
discharge occurring. The presence of the gas causes thgstributions in the ablation plasmas by comparing the Lang-
higher charge states to convert, by charge exchange, tQuir probe results with those from the ion-energy analyzer.
mostly charge-state 1 with only a small component of chargerhis is done in Fig. 7 where the ion density from the Lang-
state 2 being left. The background gas can be made to disnuir probe is now plotted as a function of kinetic energy.
charge by applying high voltage+1300 V) to an annular  Thijs is obtained by converting from time delay, at a particu-
ring placed at about 6 cm from the ablation target. When thigar distance, to ion velocity and subsequently to ion kinetic
is done the charge exchange process is further augmenteghergy. These ion densities as a function of energy are com-
however, here the low-energy part of the spectrum is mospared to similar data obtained directly from the ion-energy
affected. In this case, a significant percentage of the lowanalyzer as described in the experimental section. Data in
energy charge-state 1 is converted to excited or ground stafgg. 7 is presented for 80 fs pulses at 0.4 J/dor both the
neutrals. Only a small percentage of the higher-energy pofprobe and the analyzer. It is seen in the figure that the two
tion of charge-state 1 is seen to remain. Thus, the presence gfirves are similar in general appearance but with the energy
the discharge gas greatly modifies the ion-energy densities ifnalyzer showing more detail than the ion probe. The signifi-
the deposition plasma, producing a highly moderated andance of this comparison is that the ion-density signal ob-
atomica”y aCtiVated fOI’m Of the |n|t|a| ablation plume, Wh|Ch tained W|th the energy analyzer can now be Ca”brated d|_
becomes mixed with the activated background gas. Sucfectly against the Langmuir probe. As such, it can then be
used to infer highly detailed information about the ion con-
centrations as a function of energy, charge state, and even

lon Energy (keV)

] isotope ratio at an intermediate distance from the ablation
60 @ —a— Al" target, where for example thin films might be grown. The
40 ] —e— AP difference in the absolute ion densities seen by the probe and
—~ . the analyzer is determined by their large difference in dis-
N%, 20 4 L] tance from the ablation targé€t10 versus 10 cin
5 .‘lll.. -
2 5] 02 04 AR o5 D. Hydrodynamic neutral and ionic component by
S 4 ) refractive index
g ]
5 37 \ In this section, we investigate the neutral component in
24 the laser-produced plasma using a cw HeNe probe laser pass-
1 | \ ing transversely across the plursze Fig. 1 Since the ion-
1 - Ha S to-neutral ratio is often critical in the formation of certain
0 L - Py o 8 o . o
0.0 0.2 0.4 0.6 0.8 10 thin film phases, such as cubic boron nitrieBN), we

studied a boron nitride target for this part of the experiments.
Figure 8 shows a typical HeNe probe time-resolved deflec-

FIG. 6. lon-energy spectrum for Al ablation plume produced by 100 fs laser,. . L "
pulses at 780 nm with energy fluence of 0.4 Jicta) 0.8 mTorr N, back- tion signal recorded by a position sensitive photodetector.

ground gas only(b) 0.8 mTorr N, background gas and discharge. Note the 1N€ plume,_ for that case, was produced with 6 ns pulses at
change in scale on vertical axis for the two conditions. 1.06 um using a fluence of 18 J/émThe probe laser beam
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FIG. 8. Atypical laser deflection signal. The plume was produced by 6 ns, 10" T T T N T T T X
1.06 um, 100 mJ pulses from a BN target. The positive peak is from the 0.1 2. 0.3 0.4 0.5
plasma deflection and the negative peak from the neutral particles. Distance {cm)
0.03
—a— 6x10°W/em® )
—e— 3x10°W/em®
was 2 mm away and parallel to the target surface. As per 1 X on
discussions by Enloet al? deflection is caused by the index
gradient, normal to the target surface, of electrons in the @ 0.024—*—e—tv_—pF—
plasma and neutral atoms in the plume. The ion—electron 3
plasma typically travels faster than the neutrals and is there- %
fore detected earlier. The index gradient of neutral particles £
is positive; therefore, the probe beam is deflected toward the % 0.01
target surface giving a negative signal for the detector setup <«
used in this experiment. On the other hand, the index gradi- S —
ent of the plasma is negative, producing a positive signal for B
the ions since the beam is deflected away from the target. 0004b— : :
The refractive index of the plasma is a function of its free 0.1 0.2 03 0.4 0.5

electron density. It is assumed here that the ion/electron ratio

Distance (cm)

is unity' This may or may not be the case depending Ok, 9. lon density and neutral particle densify and ion-to-neutral ratio
details of the streaming plasma balance as discussed in S&B).in plumes produced by 6 ns, 1.6n pulses at an intensity of¥610° W/

lIIA. These ion-to-neutral ratios will therefore representcn? (36 J/cnf) and 3x 10° Wien? (18 Jicnd).

lower limits. Since the change in the index of refraction of

both plasma and neutral particles is proportional to its corre-

sponding density, the deflection amplitude can be related to

Moving the target relative to the probe beam can change

the total number of ions or neutral atoms, under a self-similathe distance between the probe beam and target surface. Sys-
expansion modét? using Eqs(3) and (4),

o ZeiNgik?
| ¢plasm$max: 1.24x10 22%1 3
Nk
| d’neutral max= 7-08X 10" 24% . (4)

Here ¢ is the deflection angleZ.¢ is the effective ionic
plasma charge\y andN+, are the total number of the ions
and neutral atoms produced by the laser sids distance
from probe to the target surface, akdandk,, are the ratios
of the longitudinal and radial velocities of theandn com-

ponents, respectively.

tematic peak shifting can be observed as the probe distance
from the target surface is increased. The velocity of ions and
neutrals can therefore be extracted from the distance and
associated peak delay. Using this method, the velocity of the
ion—electron plasma generated with 6 ns pulses at 6°J&m
found to be 5. % 10° cm/s whereas for the 160 fs pulses at
1.1 kd/cnt it is 3.7X 10° cm/s, the fluence in the latter case
being considerably higher to achieve comparable ion veloci-
ties. The neutral particles have a velocity of ®B0° cm/s

for both cases, which corresponds to a most probable neutral
kinetic energy of 4 eV. The most probable velocity for the
ions corresponds to energy of 190 and 85 eV for the ns and
fs cases, respectively. Compared with the ion energy distri-
bution obtained using the ion energy analyzer in Fig. 5, we
found that the energy range that the HeNe probe detects does

The peak density of each component along the path oot jncjude the characteristic high-energy ions as are always

the probe laser can be calculated from the self-similar expan;ycarved in a fs energy distributioh.These high-energy
sion model using Eqg6) and(11) from Ref. 4 and is given

by Eq. (5)

2N+ k7

j=iorn.

(5)

ions are of relatively low concentration compared to the
more predominant hydrodynamic ions, the latter being the
component that is detected by the HeNe probe. Figures 9 and
10 show the ion and neutral density and the ratio of the
number of ions to neutral atoms in a boron nitride plume
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—, @ does not show a dramatic change. Within the limited amount
1 e f§i:=;—::‘ of data available here, the quantity of material ablated from
— O _¢—— — . . . .
10" * * the target, which is dominated by the neutral particles, ap-
] - pears to be less sensitive to the laser inter(&igyvarying the
— 1 — . o 7x10"Wiem® spot size or the pulse widtland rather more sensitive to the
e 1 —e— —0— 4x10"W/cm? energy of the pulse. However, the ion-to-neutral ratio can be
= 4g's{ —a——a—2x10"Wicm’ changed by the laser intensity as shown in Figlbl0lt is
- ] also noted that the ratio can be increased more efficiéintly
5_ terms of the intensifyby varying the energy of fs pulses
= D/D\E\n\ o rather than spot size. The ion-to-neutral ratio of the plume
14 | o ‘:‘\ . .
1075 . o generated by 6 ns pulses is increased by approximately 2 as
O/’/‘%ﬁ;“:Sﬁg—A the energy of the pulse is doubled. A similar effect is seen for
S S the 160 fs case as well. On the other hand, the largest ion-
0.1 0.2 0.3 04 05 L .
Distance (cm) to-neutral ratio in the 160 fs pulse ablated plume is 1 to 400
for the highest energy and tight focus case. This ratio is three
0.004 —— times larger than the one produced by pulses with 1.7 times
—®—7x10 Wiem ®) lower energy. The kinetic energy of the ions in Fig. 10 is 49
—e— 4x10"*W/cm A ; .
A 410" W/om? / \ and 15 eV for the lower energy and larger spot size ablation
0.003 — compared to the 85 eV for the high energy and tight focus
— /'/ .\/ \ case. This demonstrates a convenient way to adjust the mean
% . hydrodynamic ion energy of the plumes.
2 0.002 /
5 * "
% / : IV. CONCLUSIONS
& 0.001 R A We have demonstrated various diagnostic techniques
A A .
that can be used to analyze pulsed laser ablation plumes and
the correlations that exist between them for nanosecond and
0.000 —

00 o o2 03 04 05 femtosecond laser pulses. The generation and expansion of
Distance (cm) pulsed laser plasmas is a relgtlvely comple>§ process, since,

for example, the plasma density can be as high as solid den-

FIG. 10. lon density and neutral particles densiyand ion-to-neutral ratio  sjty when it is created on the target surface and as low as

(b) in the plume produced by 160 fs, 780 nm pulses at intensities of 71011 cm~3 at a distance where. for example. a thin film is
X 10" W/en? (1.1 kd/end), 4x 10 Wicn? (0.64 kd/cm, by reducing the ' P,

energy, and 2x< 10* W/cn® (32 J/cn?, by increasing the focal spatespec- depO.Sited' Knowing prqperties of the early stag.e high-
tively. density plasma is potentially relevant to understanding mass

transport phenomena such as internal chemical segregation
or isotopic enrichment. Additionally, properties of the neutral
produced by the 6 ns pulse and 160 fs pulse respectively. Thmomponent in the ablation plume are important since the neu-
ion to neutral ratios are similar to that observed for carbortral component dominates the incoming flux on a film growth
ablation in vacuum, as reported in Ref. 4 using a similarsubstrate. It is useful to characterize therefore the spatial and
technique; however, these ratios are significantly lower thamemporal properties of an expanding ablation plume by a
reported in Ref. 12 for silicon ablated in air and analyzedvariety of methods, each being unique to a particular stage of
through the Saha equation. plume expansion and to correlate these results into a single
The intensities for the 6 ns data in Fig. 9 arg B0° W/ comprehensive picture. The work presented here represents
cn? (18 J/ent) and 6x 10° W/em® (36 J/cnd), as obtained  steps in that direction. Applications of these methods to the
by varying the pulses energy from 100 to 200 mJ. In the caseharacteristics of grown films are underway and will be pre-
for 160 fs pulsegFig. 10, both the laser focus spot size and sented as a separate report.
energy were varied to change the intensity. In that case, the Specifically, the electrostatic ion energy analyzer detects
highest intensity of ® 10" W/cn? (1.1 kJ/cnd) was re-  various ionic components in the ablation plume and provides
duced by approximately a factor of 2 with energy to 4 energy distributions for specific charge states. Although the
X 10' W/en? (0.6 kd/cn?) and a factor of 35 with spot size detector is located typically far from the ablation target, the
to 2 10" W/cn? (spot diameter of 7um increased to 434 measured ion energy distributions are a result of early stage
um). The ion density in the plume produced by 6 ns pulses isnteractions between charged particles and the built-in bipo-
nominally one order of magnitude higher than that producedar electrostatic field, which exists very near the target sur-
by the 160 fs pulse, similar to what is seen for the hydrodyface. The plasma retains these attributes and carries them
namic component in Fig. 5. The neutral density is only ainto the low plasma density regime as a result of rapid adia-
factor of 3 higher although the laser intensities are five orderbatic expansion. In similar fashion, the Langmuir probe de-
of magnitude apart. Similarly as shown in Fig.(40 al- tects the integrated ion component of the plasma; however, it
though the intensity was decreased by a factor of 35 by varyprovides temporal and spatial information for the ion and
ing the 160 fs laser focus spot, the density of neutral particleslectron densities and plasma temperature. More signifi-
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cantly, it measures these properties in the spatial zone inteperatures in plasmas generated by ns pulses. For ns and fs
mediate between the ablation target and the ion energy anaulses, the neutral component represents a significantly
lyzer. This provides, for example, a very direct mechanism tdarger percentage of the ablation plume flux in comparison to
correlate the characteristics of an ablation plume with theéhe plasma component. However, it has much lower kinetic
characteristics of PLD thin films. The neutral component ofenergy than all of the observed ionic species in the plasma
the ablation plume can be analyzed using a low-power coneomponents.
tinuous HeNe laser beam, which is spatially deflected by the
refractive indiqes of the ablatiop plume components. HOV-V-IJ C. S. Kools, S. H. Brongersma, E. van de Riet, and J. Dieleman, Appl
ever, the density gr_adlents requwed_to get a st_rong qleflectlonp‘hyé' B: Lasers bpés, 12% (199])" ' ’ ' > APPL
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