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Spatial variation in intensity of spectral emission, electron temperature, number density, and the time of flight (TOF) of ions and
neutrals at various oxygen ambiances has been investigated on ferroelectric lead zirconium titanate (PZT) plasma using optical
emission spectroscopy. Plasma produced by ablating PZT ceramic target using Nd-YAG laser operating at the third harmonics
(A = 355nm, 7 = 10 ns, repetition frequency 10 Hz) was investigated at various oxygen partial pressures and at various distances
from the target surface. Here energy density for laser fluence was fixed as 3.13 Jem™ and distance from the target and ambient gas
pressure were varied. The electron number density N, and electron temperature of the PZT plasma at the early stage of plume
expansion were measured as 1.7 x 10" ]cm'2 and 13200 K, respectively, and thus verified the existence of local thermodynamic
equilibrium (LTE). Time of flight spectra (TOF) of neutral and singly ionized species in plasma were recorded. The result shows
that plasma parameters and velocity of species are of same order for various oxygen partial pressures but have a decreasing tendency
with distance. The energy of almost all species in the plume become more or less same at 0.1 mbar. These conditions favour the

growth of perovskite PZT thin films.

1. Introduction

Pulsed laser deposition (PLD) is a versatile tool for the depo-
sition of multilayer and multicomponent thin film het-
erostructures in a single pump down cycle with many advan-
tages such as low temperature processing, low level of
contamination, reproduction of the target stoichiometry on
thin films, and reproducibility of film characteristics [1, 2].
Therefore, the PLD has attracted much attention for the
synthesis of thin films of a variety of materials, such as
high temperature superconductors [3-5], ferroelectrics [6, 7],
and metal compounds [8]. Lead zirconium titanate (PZT)
with composition (Pb [Zr 5, Tij 45] O3) is a multicomponent
insulator target material having ferroelectric, ferroelastic [9-
11], and piezoelectric [12] properties interwined with its
pervoskite structure, from which thin films were grown
by laser ablation. These ferroelectric films have promising

applications in optoelectronic devices and for ferroelectric
random access memory (FRAM) [13, 14]. The growth of
perovskite PZT films by pulsed laser deposition is, however,
very complicated due to the preferential occurrences of the
pyrochlore phase, zirconium rich phase, and Pb loss [15, 16].

The properties of thin films deposited by pulsed laser
ablation (PLA) are closely related to the dynamics and the
composition of the laser generated plasma [17-19]. The plume
produced in vacuum at the immediate vicinity of the target
undergoes isentropic and adiabatic expansion [20-25] which
has been studied in detail by Anisimov et al. [26, 27] and
Singh et al. [28, 29]. But the interaction of the plume with
an ambient gas involves more complex gas dynamic process
which depends on the target stoichiometry, laser fluence and
spot size. In the presence of ambient gas, species in the plume
gets decelerated and attenuated due to the enhanced collision



with the background gas. This results in plasma confinement
and generation of shock waves.

The radiation emitted from the excited species on the
plume was analysed using optical emission spectroscopy
(OES). OES is a nonintrusive method and hence the plasma
properties can be analysed for the entire length of the plume
rather than first 10 mm. Previous study have shown that
laser energy density or gas pressure plays a vital role in
determining the kinetic energies of species reaching the sub-
strate, thus influencing the morphology and stoichiometry of
the deposited films [18, 30]. The difference in shape of the
plume observed in vacuum and oxygen ambience reveals that
expansion in background gas differs from that of free expan-
sion. In the present study we investigate the possible reason
for the necessity of high oxygen ambiance for the growth of
pervoskite PZT thin film [31]. The effect of background gas on
plume expansion and subsequent deposition was explained
using shock and drag model following Gonzalo et al. [32] and
Kushwaha and Thereja [33].

2. Experimental

The experimental setup used for the investigation has been
reported previously [34] and features relevant to the present
study are summarized here. Third harmonic of Q switched
Nd:YAG laser (Quanta Ray, Spectra Physics) operating at
355nm, 10 Hz repetition frequency, and pulse width 10 ns
was used for ablation. The 1:1 image of the plume developed
during pulsed laser ablation was imaged to a plane where the
optical fibre was placed. Optical fibre which is kept on an X-Y
translator collects the light flux at various spatial positions
of the plume along the plume propagation direction. This
was fed into a 1/3-meter spectrometer [TRIAX-320] which
was calibrated by recording the spectrum of mercury lamp
in the range of 570-580 nm. The two adjacent peaks of Hg
were identified as shown in Figure 1 and then we compared
those with the standard wavelength. The resolution of the
spectrometer is given by the equation

FWHM
=—X
a

oA 0A, 1)
where §A is difference in the standard wavelength. “a” is the
distance between the two peaks of Hg lines observed using the
spectrometer. Using this equation we found the resolution of
our spectrometer as ~0.14 nm. The slit width and integration
time of the spectrometer for the present study are 70 ym and
0.5 sec, respectively.

The base pressure of the ablation chamber was 2 X
107 mbar. The laser beam was focused on to the target to a
spot size of 1.0 mm, energy density 3.13 Jem™>. The variation
of plasma parameters such as electron temperature, number
density, and time of flight of various species up to 10 mm
from the target surface were recorded using LIBS technique.
The ablation was carried out in 2 x 10~® mbar at 0.001 mbar,
0.01 mbar, and 0. mbar pressures of oxygen ambience. The
wavelength dispersed spectra of the plume were recorded
using monochromator-CCD assembly and the time of flight
of respective species was recorded using a photomultiplier
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FIGURE 1: The Hg emission lines recorded using Triax 320 spectrom-
eter.
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FIGURE 2: Wavelength-dispersed emission spectrum of PZT plume
recorded at 3 mm from the target surface along the normal at laser
fluence of 3.13 Jem > and oxygen pressure of 0.1 mbar.

tube (Hamamatsu) and digital storage oscilloscope (Tek-
tronix TDS 2014) [34].

3. Results and Discussions

3.1. Spectral Intensity. Figure 2 shows the recorded wave-
length dispersed spectra of the plume. The spectrum mainly
consists of neutral and singly ionized species of titanium,
zirconium, oxygen, and lead. Integral intensity of various
spectral lines is calculated by taking the stark broadened
emission profile. The spatial variation in integral intensity
of neutral and ionic species present in PZT plasma at
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FIGURE 3: The spatial variation of integral intensity of Ti I [453.34 nm] and Ti II [522.54 nm] at 0.001 mbar, 0.01 mbar, and 0.1 mbar oxygen
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FIGURE 4: The spatial variation of integral intensity of Zr
(470.98 nm) and O (777.5 nm) at 0.001 mbar, 0.01 mbar, and 0.1 mbar
oxygen pressures for the laser fluence of 3.13 Jem ™.

various ambient pressures has been recorded. The spatial
variation of integral intensity of Ti I [453.34 nm] and Ti II
[522.64 nm] ablated at 0.001 mbar, 0.01 mbar, and 0.1 mbar
oxygen pressures for the laser fluence of 3.13 Jem ™ is shown
in Figure 3, and that of Zr I [561.21nm] and O I [777.65]
is shown in Figure 4. The increase in integral intensity with
the increase of background pressure shows an increase of
collisional excitation. Also on comparing the variation of

integral intensity of neutrals and ions of Ti at 0.1mbar
pressure, there is a sharp decrease in intensity beyond a
distance of 3 mm from the target for ionic species and a hump
for neutral, which indicates a collisional recombination.
Similar behaviour was shown by ions and neutrals of Pb. The
integral intensity of neutral zirconium and oxygen (Figure 4)
shows an initial tendency to increase along the propagation
direction of the plume up to 3mm. But it suffers severe
attenuation beyond 3 mm from the target surface. So the
plume front showed a tendency to attain a hemispherical
shape and the plume expansion feels severe constraints which
lead to the formation of shock waves [35-37] at plume-target
interface with the increase of oxygen ambience. This shock
wave produces metastable species of plasma constituents in
the plume by electron impact excitation. The rapid decrease
in the emission intensity observed beyond certain distance
from the target as reported in literature [38, 39] corresponds
to many processes that take place in plasma plume such as the
decrease in the electron impact excitation due to the collisions
of the constituent species of the target with excited neutrals
and background gas during expansion of the plume [40], the
production of negative ions [41] by the attachment of electron
to super excited oxygen molecule [42, 43]. The intensity of the
emission lines attenuated after a distance of ~1cm from the
target. This does not mean that the respective species in the
plume ceased after this distance. This reduction in emission
intensity may be due to the non radiative decay resulting from
the adiabatic expansion of the plume species. The velocities
and the K.E of all the species still have sufficient velocities
(Figure 8) to move forward and reach the substrate to form
thin films.
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FIGURE 5: Lorentzian and Voigt fit on emission line of Ti L.

3.2. Electron Density and Temperature. The details of OES
technique used for determining N, have been described
elsewhere [34, 35]. The emission profile of 453.34 nm line
which exhibits perfect Lorentzian fit used for the calculation
of N, is shown in Figure 5. The spectral line analysis for
the present study was made by fitting the line shapes to
numerically generated Voigt profiles and with them making
the deconvolution to obtain the Lorentzian profile resulted
from stark broadening and Gaussian profile from Doppler
broadening and instrumental broadening. The experimental
profile used for measuring instrumental error is the observed
mercury lines shown in Figure 2. The instrumental error
in measuring plasma parameters is estimated by generating
a Voigt profile numerically fitted with the experimental
emission profile. Thus we measured the error in measuring
plasma parameters as <5%. Lorentzian fraction was found to
be significant for the measurement of electron temperature
and density in our experiment. The ratio of emission line
intensities of successive ionization states of the same element
was used for the determination of electron temperature of
the plume. The emission line intensities of 501.41nm and
522.38 nm, respectively, of Ti I and Ti II have been used for
the determination of electron temperature. The atomic data
needed for the calculation were taken from NIST atomic
database [44, 45]. The electron density (N,) and temperature
show a gradual decrease with distance from the target surface
at 0.001 and 0.l mbar oxygen ambiance for laser fluence
313Jem 2 (Figure 6). The plume shrinkage with increase
in pressure is a well-known phenomenon in LIP [38]. The
plasma is confined [32, 41, 46, 47] to smaller volume on
elevated ambient pressure. The observed small variation of
the temperature and number density could be due to the time
averaging of these values. Laser plasma properties change
rapidly with space and time and these changes are drastic at
closer distance and early times. The ions in the plasma plume
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FIGURE 6: Spatial variation of electron density and temperature
at different pressures along the surface normal at laser fluence of
3.13Jem ™.

gets accelerated due to the formation of double layers at early
times and shorter distance from the target as evidenced by
Bulgakova et al. [48] and Wood et al. [49] which may be a
possible reason for the increase of temperature for 0.1 mbar
pressure levels at shorter distances.

Using the measured electron density and temperature the
existence of LTE plasma in our experiment is verified using
necessary (but not sufficient) condition [44, 45]:

n, > 6.7 x 10"(T,)*(8E)* em™, )

where 7, is the minimum electron density for LTE to exist,
T, is the plasma temperature (in K), and (3E) is the largest
energy difference expected in the transitions (in eV). With
plasma having temperature 13200K, (6E) of 2.735eV, n,
should exceed 10" cm™ for LTE to exist. The measured values
of electron density at all pressures are found to be higher
than this, thereby suggesting that the plasma is at LTE. The
electron temperature values of the plume at various spatial
points along the surface normal calculated for 3.13 Jem ™ at
two oxygen pressures are shown in Figure 6.

3.3. Time of Flight Studies (TOF). Optical emission spectro-
scopic studies showed that most of the species present in
the laser produced PZT plumes under the present exper-
imental conditions are singly ionized and excited neutrals
[37] of the target and the background gas. In OES, the
dynamics of various species of the plume was studied by
selecting strong emission lines of individual elements using
the monochromator coupled with PMT. The current output
from the PMT was dropped across 50 ohm resistor and fed to
100 MHz digital storage oscilloscope (Tektronix TDS 2014).
The oscilloscope was interfaced with a computer for storage
and subsequent processing of time of flight (TOF) spectra. To
elucidate the influence of an ambient gas on various species
in the plume, TOF profiles were taken at different distances
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FIGURE 7: The TOF of Ti I (neutral) ((a) and (b)) and Ti II (ion) ((c) and (d)) at distances 5 mm and 8 mm from the target at pressures 0.1,
0.01, and 0.001 mbar at laser fluence of 3.13 Jem™2. « f7 denote the fast peak and “s” denotes the slow one.

from the target surface. TOF studies of the plume give vital
information regarding the time taken by a particular state of
the constituent species evolving after onset of plasma. This
technique gives details on the velocity and hence kinetic
energy of the emitted particles [50].

The TOF of Ti (I) and Ti (I) at spatial distances (5 mm
and 8 mm) at pressures (0.1, 0.01, and 0.001 mbar) at laser
fluence of 3.13Jcm™2 is shown in Figures 7(a)-7(d). The
increase in oxygen partial pressure increases the intensity of
the emission lines of all the species but delayed the arrival
time. This is in accordance with the impedance offered to the
forward propagation of the plume and there by generating
shock wave which increases the collisional excitation [37, 39].
In all these graphs there is a fast peak (f) along with the
slow one (s). This fast peak can be attributed to the shock
wave generation due to phase explosion followed by plume
expansion associated with the laser matter interaction [48].
But the intensity of this fast peak goes on decreasing with

increase in distance from the target as shown in Figures 7(a)-
7(d), which reveals that these two mechanisms are obtained
only at the immediate vicinity just above the Knudsen layer
on the target.

The spatial variation in velocities and the respective
kinetic energies of Zr I, Ti I, O I Pb I, and Pb II at 0.1
and 0.001 mbar is shown in Figure 8. The velocity and the
corresponding energy of different species in plasma show
some random behaviour at 0.001 mbar pressure which tends
to be ordered at 0.1 mbar. The velocities were found to be of
the order of 10’ m/sec that undergoes no order change with
spatial variation. But the velocity and corresponding energies
of the species in the plume at 0.1 mbar pressure (Figure 8)
affects the drag discussed earlier due to the ripples formed
due to shock waves. So, even if the integral intensities of all
emission lines attenuated beyond 10 mm distance from the
target during plasma expansion, the plasma particle whether
ionic or otherwise does not get perished at these distances.
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FIGURE 8: The spatial variation in velocities and the respective kinetic energies of Zr I, Ti I, and O I at 0.1 and 0.001 mbar oxygen ambiance.

The particles will have sufficient energies, as seen from their
respective velocities and energies (Figure 8), and can reach
the substrate. The effect of variation in the oxygen pressure
leading to the formation of pervoskite PZT thin film after
annealing at a temperature of 600°C is shown in Figure 9.
Films deposited at various oxygen ambiances (2 x 107°,
0.001, 0.01, and 0.1 mbar) was annealed at different temper-
atures ranging from 400 to 750°C. Among these, the films

deposited at low pressures such as 2 x 107°, 0.001, and
0.01 mbar were amorphous even on annealing up to 750°C
as shown in Figures 9(a)-9(c). But film deposited at 0.1 mbar
forms pyrochlore and pervoskite phase of PZT, respectively,
at 500°C and at 600°C annealing temperature as shown in
Figures 9(d) and 9(e). This shows that for the crystalline
formation, deposition pressure plays a greater role rather
than annealing temperature for PZT; that is, the amplitude of
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shock wave formed at low pressure is not sufficient to activate
the chemical reaction in the plume. So the occurrence of
crystalline formation at 0.1 mbar pressure can be be attributed
to the evidence that the amplitude of shock waves produced
at this pressure may be sufficient to activate the chemical
reaction on the species in the plume and background gas
which corroborates with our discussion in the plume study.

4., Conclusion

The result presented here clearly shows that the plasma
expansion dynamics are strongly affected by the presence of
oxygen environment as observed from the revival of excita-
tion and ionization of the plume species at higher pressures.
Confinement of plasma results in shock wave formation to
regions close to the target for high pressure was evident
from the decrease of emission intensity and slowing down
of ejected species. The evolution of temperature, number
density, and time of flight of species in plasma shows a
pressure dependence. That is, at high pressure, the shock
wave originating zone in the plume may activate the chemical
reaction between ejected metastable species and the super
excited ambient gas molecules will be a possible reason for the
requirement of high pressure in order to retent the pervoskite
phase during thin film deposition. X-ray diffraction patterns
of the films deposited at various pressures corroborate with
the results.
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