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Abstract

We report results from optical interferometric pgrapof a laser generated Zn plasma
plume. The experiment was performed in a vacuum @ndich environments where the
background pressure of,@vas maintained at 1000 Pa and the results frofn f@gimes are
compared. The focus of our work is very much onehdy stages in the life of the plasma
plume which remains, to date, a largely unexplaezh of study, at least in the pulsed laser
deposition research domain. It was found that teet®n density profile normal to the target
is different in the background gas at early time30fis) compared to that of the vacuum case.
At later times (~80ns) both profiles have a vemikr shape. We also observe the formation

of a shock wave at the plasma-gas interface shaftidy plasma breakdown (< 15 ns)



I ntroduction

PLD is a well established method in materials smeand has spawned various
applications such as thin film deposition with eptectronic applications [1], bio-compatible
materials [2] and growth of nano-structured matsrif8]. Considerable research and
development has been carried out on the growtlcharchcterisation of ZnO in particular, due
to its excellent electrical, chemical and opticedperties [4]. These confer on ZnO a wide
range of potential applications such as UV optatedmics devices [5], field emitting displays
(FED’s) [6] and anti-bacterial surfaces [7]. Thetfghat ZnO has a large exciton binding
energy of 60 meV and a large bandgap of 3.37 e¥r®ffeal promise for obtaining lasing
action at room temperature [8].

One area offering great potential for process nooimigg and control has been optical
characterisation of the laser generated plasma elused to deposit material onto the
substrate. Most optical diagnostic studies of tl@sma plume have focussed on late times
(>100 ns) in the lifecycle of the plume as OptiEamhission Spectroscopy (OES) [9] works
best when most of the continuum emission has sefisidonsequently, there is a paucity of
studies on probing moderate temperature plasmagdwahearlier times (<100ns). However,
this is a vital stage in the lifecycle of the plurag it determines the future evolution and
characteristics of the expanding plasma. It is a@song this early phase that the primary
interaction between the plume and any backgrousd pgeesent takes place [10].

The electron density of a plasma plume is of paldicinterest as it plays an important
role in defining plume energetics, expansion aneraction with ambient gases [11]. A laser
interferometer is the ideal tool as it can veryumately extract the spatio-temporal structure
of the electron density at early times in the pladifecycle [12]. We report here a study of
electron density profiles in laser generated Zrsmpla plumes in both vacuum and @h

environments. We have chosen the simpler singi@esi Zn target rather than ZnO as our



objective is to demonstrate the value of the tepimias a PLD diagnostic rather than on PLD

of ZnO per se.



Experimental Details

A Nd:YAG Surelite 11l laser working at its fundant@hwavelength of 1064 nm with
an energy of 600 mJ was used to ablate a flata$l@8.95% pure Zn in both Vacuum and, O
rich environments. The pulse width of the lasespwias 6 ns and the beam was focused to a
spot size of 10@um using a 30 cm plano-convex lens which yieldedradiance in excess of
10" W.cm® A synchronised Surelite | Nd:YAG laser working i& frequency doubled
wavelength of 532 nm and a pulse width of 5 ns ipiexy the light source for the optical laser
interferometer used to probe the spatio-temporailprof the electron density in the plasma

plume. A schematic diagram of the experimentalsetishown in Figure 1.
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Figure 1. Schematic setup of experimental sengert a): definition of plasma coordinate system.

The interferometer is of the Nomarski polarisatiype [13]. The two lasers were
synchronised to a CMOS camera (C Cam Ltd, Modeli4B@sing two Stanford DG535
delay generators. A TTL master pulse was sentidgdr the Surelite 11l laser and create the

Zn plasma. The 532nm laser delay was varied togptiob Zn plasma plume at different times
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in its life cycle. The camera shutter was left openntegrate fod pus during which time it
captured the 5 ns duration interferogram. A narbandpass filter centred at 532 nm rejected
broadband optical emission from the plasma plume.

A high precision gas flowmeter was used to intrad@®9.999% pure Ointo the
vacuum chamber at a rate of 400 sccm creating ssypre of 1000 Pa. The Zn target was
mounted on a high precision in-vacuum motorised 3t&fje and was moved to reveal a fresh

surface after each laser shot.



Results and Discussion
Before discussing the results we outline the baperation of the interferometer and
how it was used to extract electron density mahe &lectron density gradient of the laser
produced plasma induces a fringe simfthe interferograms which is recorded by a CMOS
camera (figure 1). The electron density profilg, of the laser produced plasma can be

calculated for a relative fringe shift using theeAbquation [14]:
n, 0-A,n rnj'axdi)(x2 —rz)_%dx Eqgn. 1
¢ mE L dx

whereA,n, is the wavelength of the probe laser in micronsisrthe critical density of the
plasma at the probe wavelengthjs the phase shift and x and r are the plasmalowies as
defined in by insert a) in Figure 1. Interferograwese taken at 5 ns intervals up to a delay of
100 ns after plasma formation. In Figure 2 we shesults of laser interferometery for two

different regimes (vacuum and 1000 Pg.O



Analysis of Zn Plume in Vacuum Enviroment
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Analysis of Zn Plume in Oxygen Enviroment
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Figure 2: Comparison of results obtained fromagitinterferograms taken at delay times of 30, & &0 ns

for the Zn plume in vacuum and in 1000 Papessure.

Interferograms were analysed using the softwaré&ggpe IDEA [15] (Interferometric

Data Evaluations Algorithm) where we have assumeal aymmetry of the laser generated

plasma plume around the normal to the target. agssimption is justified by a study [16] of

the plume emission which shows that the distrilbuig symmetric about an axis normal to

the target. In addition we have assumed that amlg &lectrons contribute to the refractive

index of the plasma. This assumption is justifigdte fact that there are no transitions in Zn

atoms or ions within ~ = 1nm of the probe lasembegavelength [17]. The area of interest in

the interferogram selected for analysis (20® from target surface) is free from light

absorption near the target surface where the elediensity is greater than the critical density

of the 532 nm probe laser beam. What is immediatkdgr from Figure 2 is that the peak
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electron density is very high in the early stagethe plasma lifecycle (~30 ns) and lies just
above 18° cm? for both scenarios, albeit the vacuum case i$itifidnigher (~ 20% higher at
200 um see Figure 2 (Top)). It is also apparent fromuFag2, that the spatial profile of the
electron density of the plumes and their develognoeer time is different for the vacuum
and oxygen cases. These two points are emphasidédure 3 where we compare the 1D
profile of the electron density normal to the tdrfg vacuum and oxygen environments at

time delays of 30 ns and 80 ns.
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Figure 3: Comparison of the electron density peofibrmal to the target for vacuum and oxygen envirents at

a) Delay time of 30 ns, b) Delay time of 80ns.

In the vacuum case a simple exponential functite thie experimentally observed
electron density spatial profile, as the plasmfadsly expanding in vacuum. To calculate the
plasma density scale length we follow the same eotion as Santala et al. [18] which yields
a value of 24Qum for the vacuum case at a time delay of 30nshén@ environment the
density profile cannot be fitted with a single empntial. In fact a double exponential with a

rapidly decaying term (scale length = 128) superimposed on a slowly decaying term (scale
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length = 1440Qum) works best. We propose that these observatiansiee to the effects of
the strong plasma confinement which can be expeeteen a plasma expands into a
background ambient gas. With an increase in gasspre, an increase in the frequency of
electron and ion collisions with background atomnsl anolecules takes place [19], which
results in increased ionisation, recombination lagdce plasma emission [20, 21, 22 and 23].
In particular Lui et al. and Leboeuf et al [20, @d 24] have predicted, using 2D particle
hydrodynamic plume expansion models, that as dtrekthe confinement of the plasma, the
plasma density is found to remain higher inside gheck wave than in the free expansion
case. It is approximately three times higher at @80(Figure 3a) in our study. To make a
direct comparison between the profiles we calculagt in vacuum the density drops by a
factor of 1/e at a distance of 24fh from the target and it drops by a factor of 2/é%bum.

We obtain 1/e and 2/e values of 3ifd and 74Qum respectively in @ So we can clearly see
that there is a fast decay component and a slowydeemponent in the Ocase at a time
delay of 30 ns. In Figure 3b however we show tludiler of the electron density normal to the
target for both vacuum and oxygen ambient atmogshat a time delay of 80 ns. Although
the density in the vacuum case is slightly higlitbe main observation here is that both
profiles can be fitted using a single exponentigiction. From these fits we obtain a plasma
density scale length of 500m and 410um for the vacuum and oxygen environments
respectively at a time delay of 80 ns. It is clgwat by 80 ns the shock wave has dissipated
sufficiently for its confinement effect to have dety disappeared in the region close to the
target.

As the key signature of this plasma confinemernhésdevelopment and evolution of
shock waves as the plasma plume expands in thegmsavironment, we finish with a brief
look at their development in our particular casee Ehock wave acts as a compressive layer
formed at the interface between the plasma plundetiza background gas and is observed to

expand outward normal to the target over time. dnifests itself in the interferograms as a



blurring of the fringes due to the gas compressiothe region. This is shown in Figure 4

where interferograms are compared for time del&ys 6 and 10 ns.
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Figure 4: Comparison of interferograms for a): Pb)s5 ns and c): 10 ns with the shock front. The
arrow points out the peak (largest distance framet) of the shock front. d): Plot of the positiginthe leading
edge of the shock wave at a function of time wiftitad spline curve and the resulting velocitytieé shock
wave.
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Although shock waves in gases are well documenietthe literature [20, 25] these
results reveal the creation of a shock wave avéng earliest times of the plume lifecycle (<
15 ns). A sharpening of the shock wave (the sedaknowplow” effect) is observed in the
10 ns interferogram which has been predicted [B],a2d observed at late times using fast
photography [25]. Our observations reveal its faroma at very early times and to our
knowledge for the first time in optical diagnosti¢s Figure 4d) we plot the position of the
leading edge of the shock wave as a function oétirdVe observe that the shock wave starts
with quite a large velocity of 1.1 x 1@ns® but over time drag causes a deceleration and the
velocity drops to 3.2 x Toms?, which is a factor of 3 lower than the initial weity. This
deceleration has been observed and predicted pidyion the literature [20, 21] and is

caused by a viscous force as the plume expandshatoackground gas.
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Conclusions

Two-dimensional spatially and temporally resolvaser interferograms were taken of
a Zn plasma plume revealing the structure and &wolwof the electron density profile in
vacuum and 1000 Pa,Cambient environments. The method can be used dbepthe
dynamics of laser plumes used for pulsed laser sitpo at early stages (<100 ns) of its
lifecycle. This has been a somewhat neglected donnatil recently due to the high levels of
continuum emission which makes traditional plashagmbstics based on line-ratio and line-
width measurements difficult. However, is of vita@portance as the plasma parameters of the
plume at this early stage undoubtedly determinepirameters at later times when materials
deposition take place. It is also at this earlgstthat the first interactions between the plume
and any background gases takes place. It is fohatdthe spatial profile of the electron
density in a gaseous environment deviates fronnglesiexponential function at very early
time in the plume lifecycle. A shock wave is obseho be created at very early time delays
(0-10ns) which snowploughs through the backgrouss @eating a pointed crescent feature
at the leading edge. The experiment and results puilvide a very useful resource for

comparison with any future modelling of laser geied plasmas in background gases.
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